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Abstract 
Fractographic analysis of fatigue fracture surfaces is used extensively in aircraft 
accident investigation to correlate various progression markings, associated with the 
crack front position, with the load cycle history which was experienced by the failed 
component in service.  This analysis is vital to estimate the crack growth history in the 
critical component.  Matching the results of this analysis to the predicted fatigue crack 
growth, however, is often complicated by stable tearing crack growth.  Bands of stable 
tearing are often observed on fracture surfaces in a range of structural metals but their 
growth is not incorporated in fatigue predictive models.  As a result, the presence of 
large stable tearing bands can greatly complicate the derivation of a crack growth 
history, especially in cases where the load history record is poor.  Therefore, the key 
challenge in fracture surface analysis is to relate the multiple tears, of different lengths, 
to the loads present in the load history.  The main objective of this research is to 
develop improved analytical and prognostic models for predicting the stable tearing 
jump length Δa in aluminium alloys.  This research involved a series of tests which 
produced stable tearing in 7075 aircraft aluminium alloy under constant amplitude 
(CA) and variable amplitude (VA) loading.     
Macroscopic and microscopic characteristics of CA and VA tearing were studied 
and the main conclusion relates to the notable differences between tearing under CA 
and VA loading.  Tearing under VA conditions usually appears to be duller than under 
CA tearing, but both types of tearing have similar fracture mechanism and are also 
comparable to the face of the final unstable failure.  This study revealed that the stress 
intensity factor was one of the key controlling parameters in tearing onset and arrest.  
The CA and VA tearing can be characterized by the first onset stress intensity factor 
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K2D(ai) at which these two tearing conditions occur.  The magnitude of K2D(ai) for VA 
tearing is found to be equivalent to the material‟s plane strain fracture toughness, KIc, 
but is slightly lower than the initiation K-value for CA tearing.  The loading conditions 
also have been observed to impose different effects on the size of tearing.  This study 
suggests that for similar K, the CA tearing at initiation has smaller tearing crack jump 
length Δa, than the VA tearing, but as the crack progresses, the size of Δa under VA 
conditions is markedly larger than that sustainable under CA conditions.  The CA 
condition seems to confer apparent resistance to tearing, which results in smaller 
tearing crack jumps, than in VA loading conditions.  This study also shows that stable 
tearing crack jump length Δa under CA and VA conditions can be associated with the 
plastic zone size, but their correlations with the plastic zone size differ between the two 
loading conditions.  
The static tearing curve is developed based on the standard KR curve test method.  
This study shows that the K-value at which the static tearing commences is 
approximately equivalent to the first onset stress intensity factor for VA tearing.  This 
result supports the notion that the onset of stable tearing occurs at a K-level of 
magnitude that is comparable with the static plane strain fracture toughness KIc.  The 
KR (K-value with plastic zone correction) is plotted against the change in effective 
crack length ∆ae and the fatigue tearing data from these tests are found to agree very 
well with the static R-curve.  This result shows that the R-curve method can be used to 
estimate the ∆a of both CA and VA tearing during fractographic analysis, but this 
technique requires the R-curve to be developed for particular configurations.   
The complex crack front curvatures observed at tearing arrest distort simple 
estimates of stress intensity factor and hence a three-dimensional (3D) finite element 
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(FE) analysis has been undertaken to estimate the through thickness stress intensity 
factor K3D variation.  Generally, the K-value at mid-thickness region reduces, while the 
K-values at the sides of the specimen increase as the crack-front becomes more curved.  
Based on the parametric finite element analysis of the stress-intensity factor K3D at the 
mid-thickness of three VA tearing, this study presents a new validated stable tearing 
model for predicting the crack jump length ∆a during stable tearing.  The main features 
of this new model are that the tongue-shaped region of stable tearing is idealised as a 
trapezoidal shape and the average of areal ratio of tearing is approximately constant.  
Comparisons between the model predictions and experimental results indicate that this 
new model produces satisfactory prediction of stable tearing crack jump length ∆a in 
aluminium alloys of different cross-sectional thickness.   
The study provides advanced knowledge in predicting the stable tearing 
behaviour under fatigue conditions and improves the modelling capability for the 
phenomenon of stable tearing in aluminium alloys structural metals.  The results of this 
study help in establishing confident and accurate durability assessment of aircraft 
structure, notably in assisting quantitative fractography during accident investigation 
and assessing physical validation to the fatigue crack growth prediction model.  The 
usefulness of the knowledge can also be applied and extended to other engineering 
materials and structures.  
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Chapter 1. Introduction 
 
 
 
 
 
 
 
 
 
 
1.1. Background of metal fatigue in aircraft structures 
1.2. Background of current study 
1.3. Motivations of current study 
1.4. Objectives of current study 
1.5. Outline of thesis 
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This chapter introduces metal fatigue in aircraft structures and presents the 
background, motivations and objectives of this study.  The presence of stable tearing 
complicates fatigue fracture surface analysis and current prediction models do not 
incorporate stable tearing model.  The main objective of the current study was to 
develop a predictive model for stable tearing behaviour in an aerospace aluminium 
alloy. 
 
1.1. Background of metal fatigue in aircraft structures 
Fatigue of engineering metals has been scientifically studied for almost two 
centuries (Mann, 1983; Schutz, 1996) and perhaps one of the key findings was made 
by August Wohler in 1870 who realised that the repetition of loads, all of which are 
nominally lower than the material‟s static strength, may eventually cause a complete 
failure.  While a variety of definitions of the term metal fatigue have been suggested, 
this author prefers to use the definition encapsulated in ASTM E 1823 (2009), which 
refers it to as a sequential process of gradual, localised and irreversible metallurgical 
damages (by plastic deformation) of a component subjected to cyclic loads that are 
nominally lower than its static strength, and repetition of these loads over time may 
cause complete failure of the component.  The fatigue failure of metallic structures had 
been regarded as a mysterious phenomenon, possibly due to a lack of apparent 
indicators of imminent failure, but now is generally well-known and acknowledged as 
a significant engineering problem. 
Fatigue has been a major threat to aircraft metallic structures for many years.  It 
has been highlighted by Bland and Sandorff (1943), while reviewing the design 
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methodology used at that time and still remains a difficult technical issue affecting the 
design and service life assessment of aircraft (Finlay and Harrison, 2002).  Fatigue 
failure has been acknowledged (Lancaster, 1997; Stephens et al., 2001) as the leading 
cause of accident in most engineering structures, and estimated to be the cause of about 
50% of mechanical failures (Stephens et al., 2001).  A survey by Lancaster (1997) has 
shown that fatigue is the most common failure mechanism in various engineering 
designs such as aircraft, petrochemical plant, boiler and pressure vessel. 
Many aircraft accidents have occurred, which have significantly changed the 
design and safety landscapes of the aviation industry (Schijve, 1994, 2009a; Schutz, 
1996; Blom, 2001; McEvily, 2002; Wanhill, 2002).  One good example was the 
accident involving two de Havilland Comet I aircraft in 1954, caused by fuselage 
decompression failure at high altitude, where multiple fatigue cracks were observed to 
initiate from the bolt or rivet holes near several windows.  The main reason was that 
various important design and manufacturing issues were unknown at that time 
(Withey, 1997).  Table 1 summarises some major catastrophic accidents, and also lists 
some of the knowledge learned from such misfortunes. 
From a technical point of view, designing an aircraft structure against fatigue is 
truly a formidable task because an aircraft consists of a complicated assembly of 
materials that are exposed to complex loading spectra (Hoeppner, 1996; Schijve, 
2009a).  Various aircraft components are also known to be susceptible to fatigue 
failures (Campbell, 1981; Campbell and Lahey, 1984; Lancaster, 1997; Bhaumik et al., 
2008), especially those with holes, corners or joints.  Surveys such as that conducted 
by Campbell and Lahey (1984) have listed various aircraft components that are prone 
to fatigue failure and identified two main fatigue crack initiation sites, namely holes 
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(threaded or smooth) and notches.  Debate continues regarding the best strategies for 
designing and maintaining an aircraft structure (Toor, 1973; Hardrath, 1973; Wood, 
1975; Goranson, 1997; Swift, 1999; Stephens et al., 2001; Eastin, 2003) and one issue 
that has grown in importance is the capability to accurately predict the fatigue life and 
crack growth in critical components of aircraft (Schijve, 2009a). 
 
Table 1.  Survey of often cited major aircraft fatigue-related accidents, adopted from 
Schijve (1994), McEvily (2002) and Wanhill (2002). 
Year Aircraft type (description of failure) Lessons learned 
1948 Martin 202 (fatigue crack in a joint 
of the wing spar) 
Material selection, joints 
1954 de Havilland Comet (fatigue crack at 
a window in a fuselage) 
Full-scale fatigue test with realistic 
flight loading 
1969 F-111 (fatigue initiated from 
undetected material flaw) 
Introduction of damage tolerance 
concept and assumption of initial flaw 
1976 Hawker Siddeley 748 (fatigue crack 
in lower wing skin) 
Use of more realistic load spectra 
during full-scale fatigue test 
1977 Boeing 707 (fatigue crack in the 
upper spar of the stabiliser) 
Ineffectiveness of fail-safe design, 
fatigue issues in ageing aircraft 
1979 DC-10-10 (fatigue cracking of the aft 
bulkhead of the pylon) 
Correct maintenance procedures 
1988 Boeing 737 (multiple cracks fuselage 
skin)  
Multiple-site damage and corrosion at 
joints in ageing aircraft  
2000 Concorde Ineffectiveness of fail-safe design 
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Predictive models of fatigue crack growth; especially under variable amplitude 
loading spectra are numerous (Pelloux, 1969; Paris and Erdogan, 1969; Schutz, 1979; 
Fatemi and Yang, 1998).  One major criticism of these models is their lack of general 
validity and reliability (Zheng, 2001; Pook, 2007; Schijve, 2009b).  For instance, 
Vasudevan et al. (2001) pointed out the absence of a unified fatigue damage processes 
predictive model, which deals with the crack initiation stage to micro- and macro-
cracks growth to final failure, Daneshpour et al. (2009) emphasised the limitation of 
prediction model in welded panels and Bao and Zhang (2010) highlighted the 
inadequacy of current prediction models to predict crack branching.   Zhao et al. 
(2008) mentioned an inaccurate interpretation of cyclic plasticity behaviour in a 
plasticity-based fatigue prediction model, in addition to its incapability to account for 
the complex mechanism immediately after the overload, and Goldsmith et al. (1996) 
stressed the deficiency of the existing prediction model in accommodating the presence 
of stable tearing bands. 
Furthermore, the accuracy and reliability of fatigue crack growth prediction 
models, especially for variable amplitude load excursions, are usually limited to certain 
practical cases (Beden et al., 2009).  One of the most significant issues is load 
interaction effects (Schijve, 1979), whereby substantial retardation of crack growth 
rate can occur in the subsequent load excursions.  It signifies that an increment of 
crack length a in each cycle of load history is no longer directly related to the 
characteristic stress intensity factor K.  Skorupa (1998) noted that similar type of 
variable amplitude load sequences can result in either acceleration or retardation in 
subsequent load cycles.  It should also be noted that some types of variable amplitude 
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load history may have negligible prior loading effects (Vardar and Yildirim, 1990; 
Dougherty et al., 1992; Schijve, 1996).   
Despite the above-discussed limitations, the existing prediction models enable 
fairly satisfactory (or rather conservative) estimation of fatigue crack growth that is 
considered to be sufficient from an engineering standpoint (Schijve, 2009b).  Schijve 
(1991), however, pointed out that a good prediction model should be able to predict 
both the crack growth rates and cycle-by-cycle crack length increments.  This implies 
that the predicted crack growth rates should also match the progression markings as 
observed on a fracture surface, namely the prediction model should corroborate with 
the physical observation.  To this end, it is becoming increasingly difficult to ignore 
the presence of stable tearing on fatigue fracture surfaces, which has been established 
to complicate the accuracy and reliability of fatigue life and crack growth prediction 
models (Frost, 1962; Hudson and Hardrath, 1963; Wanhill et al., 1979; Partl and 
Schijve, 1990; Barter et al., 1993; Goldsmith et al., 1996; Clark et al., 1997; Newman 
Jr., 1997).   
 
1.2. Background of current study 
An accident involving an RAAF Aermacchi MB326H trainer jet, which lost one 
of its wings during a simulated air combat operation in 1990, was due to the fatigue 
failure of the lower aluminium wing spar.  The recovered section of the spar is shown 
in Figure 1.  The fatigue crack initiated at the conical section of the blind rivet fastener 
hole that had a severe machining flaw, as indicated by an arrow in Figure 1 (Barter et 
al., 1993).  The crash of the trainer was unexpected because its service life was 
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substantially lower (about 70%) than the predicted safe-life.  The accident prompted 
immediate suspension of use to the remaining aircraft in the RAAF fleet and triggered 
extensive investigations to guarantee the continued airworthiness of the remaining 
fleets (Goldsmith et al., 1996).   
   
 
Figure 1. The recovered section of the crashed Aermacchi trainer jet, showing multiple 
large tearing bands which appear as dull crescent-shaped regions (Clark et al., 1997).  
Arrow indicates location of a severe machining flaw. 
  
One of the main undertakings was to develop a crack growth model for this 
critical component, which involved examining the fatigue fracture surface (Goldsmith 
et al., 1996).  The challenge in this fracture surface analysis was to relate the rather 
8 
 
uncertain load history to a sequence of markings, and this process was made difficult 
by the presence of multiple large tearing bands (Goldsmith et al., 1996), visible in 
Figure 1 as dull crescent-shaped regions in contrast to the “bright” background fatigue 
surface.  It was not understandable how the extent of each tearing band could be linked 
to the service loads.   
This complexity led to considerable interest in understanding the occurrence of 
stable tearing crack growth during fatigue in aircraft materials.  Extensive 
experimental works have been carried out to analyse stable tearing in aluminium 
alloys, especially by Clark and co-workers (Goldsmith and Clark, 1989, 1990; Barter 
et al., 1993, 1997; Goldsmith et al., 1996; Clark et al., 1997; Byrnes et al., 1998, 2000; 
Liu et al., 2005) at the Defence Science and Technology Organisation (DSTO), 
Australia.  Several key findings from these studies are: 
 The presence of substantial bands of stable tearing crack growth on a fatigue 
fracture surface complicates the process of determining the in-service 
fatigue crack growth rate of the failed part and can cause some difficulties in 
safety management of aircraft (Goldsmith et al., 1996); 
 Multiple tear bands are observed on several un-failed spars, and these bands 
resulted from high in-service loads (Barter et al., 1993).  In most cases, the 
fracture by stable tearing dominates the overall fatigue fracture surface; 
 Two key models (Vlasveld and Schijve, 1979; Bowen and Forsyth, 1981) 
have been employed for analysing stable tearing, but both of the models 
inherit one major limitation in that both are only intended for post-failure 
analysis (Byrnes et al., 2000).  Application of both models requires some 
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measurements of tearing geometrical parameters to be carried out on the 
fracture surface; 
 None of the existing fatigue crack growth prediction models incorporates 
these existing stable tearing models (Byrnes et al., 1998);  
 Numerical results have shown that the curved crack front has a U-shaped 
stress intensity factor K distribution (Liu et al., 2005).  The K-value is lowest 
at the mid-thickness region and highest at free surfaces; and  
 The numerical modelling of stable tearing phenomenon is complicated by 
the lack of suitable failure criterion to represent the onset and arrest of 
tearing, the change in crack front shape and the effect of plasticity (Liu et 
al., 2005). 
 
1.3. Motivations of current study 
Stable tearing adds complexity to fracture surface analysis, especially in 
determining the in-service crack growth model.  The in-service crack growth model is 
a more realistic representation of the cracking behaviour of the critical component and 
is essentially used to derive the safe management standard of the remaining fleet.  The 
two existing stable tearing models (Vlasveld and Schijve, 1979; Bowen and Forsyth, 
1981) have been shown to be capable of interpreting some of the tearing 
characteristics, and have assisted in fractographic analysis of fatigue fracture surfaces.  
So far, however, there has been little discussion about the prospect of developing these 
models further as an in-service predictive tool. 
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The two existing models have been derived from the fractographic analysis of 
stable tearing that has occurred under variable load amplitude (VA) (Vlasveld and 
Schijve, 1979) and constant load amplitude (CA) (Bowen and Forsyth, 1981) fatigue.  
The research to date has tended to focus on the application of the CA model (Bowen 
and Forsyth, 1981) in VA tearing, and no research has been found that applies the VA 
model (Vlasveld and Schijve, 1979) in CA tearing.  In addition, no comparative study 
has been carried out to compare the occurrence of stable tearing under CA and VA 
load excursions especially in terms of their macroscopic and microscopic 
characteristics.  
The occurrence of stable tearing is not yet incorporated in fatigue predictive 
models, and thus the prediction of the onset and arrest of tearing in fatigue crack 
growth is still not possible.  Several empirical models (Vlasveld and Schijve, 1979; 
Bowen and Forsyth, 1981) have been formulated, but one major drawback of these 
models is that they are only valid for post-failure analysis.  More importantly, 
complexities arise when an attempt is made to utilise these models in predicting the 
individual jump in crack length Δa.   
Another notable problem with stable tearing is that significant crack front 
curvature may cause the inaccurate assessment of the service life of a component, as 
the crack length increment is normally obscured and difficult to detect using methods 
which rely on surface inspection.  It further implies that determination of crack length 
during in-service inspections may become complicated, and hence the predictive 
capability of stable tearing behaviour during fatigue loading is vital in order to 
establish a more accurate fatigue crack growth model.   
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1.4. Objectives of current study 
The main objective of the current study is to develop a predictive model for 
stable tearing behaviour in an aerospace aluminium alloy.  The objective of the current 
study was achieved by investigating the following research questions: 
(a) Does stable tearing occur under both CA and VA fatigue conditions in a 
7075 aluminium alloy compact tension (CT) specimen? 
(b) Is there any difference between the macroscopic and microscopic 
characteristics of CA and VA tearing? 
(c) Is it possible to develop the existing post-failure models as a useful 
tearing-prediction tool? 
(d) What are the main parameters that control the onset and arrest of tearing, 
and are there any other factors, which may influence the extent of each 
tear? 
(e) Is it possible to use finite element (FE) software to study the effect of 
crack front curvature on stress intensity factors at the onset and arrest of 
tearing? 
(f) Can the study help in further understanding stable tearing and 
establishing the potential usage in durability assessment and damage 
tolerance evaluation of an aircraft structure? 
The study provides advanced knowledge in fatigue crack growth, which helps in 
establishing confident and accurate durability assessment of aircraft structure.  There 
are two engineering aspects that can be most benefited by the results of this study, 
namely in assessing physical validation to the fatigue crack growth prediction model 
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and assisting quantitative fractography during accident investigation.  The knowledge 
can also be applied to other engineering structures. 
 
1.5. Outline of thesis 
In Chapter 1, the background, motivations and objectives of this study are 
presented after a brief overview of metal fatigue in aircraft structures.  The presence of 
stable tearing complicates fatigue fracture surface analysis and the current prediction 
models do not incorporate stable tearing model.  The main objective of the current 
study is to develop a predictive model for stable tearing behaviour in an aerospace 
aluminium alloy.   
Chapter 2 of this thesis critically reviews various aspects of stable tearing from 
the literature.  Several characteristics of stable tearing are discussed, starting with the 
occurrence of stable tearing in a range of engineering alloys and under various loading 
conditions.  The significance of stable tearing is discussed in detail in terms of its 
implication to fractographic analysis of fatigue fracture surface and fatigue crack 
growth prediction model.  Current crack growth prediction models are lacking in 
physical validity, which means that the current models predict the cycle-by-cycle crack 
length increment, but this result is not always matched with the fracture surface 
morphology.  Several theoretical approaches and existing models for analysing stable 
tearing are critically analysed.  The main conclusion is that the prediction of stable 
tearing jump length Δa is still not possible especially in aluminium alloy.   
Chapter 3 describes the experimental methods used to study the parameters 
controlling the onset of stable tearing, and the factors that affect the size of tearing in 
aircraft 7075-T651 aluminium alloy CT specimens.  In view of uncertainties about the 
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controlling parameters for CA and VA tearing, comparative tests are conducted.  
Multiple stable tearing bands are produced under CA and VA fatigue conditions, 
whereby the VA tearing is achieved by inserting overloads into a background of CA 
fatigue.  The resistance curve for this particular material (7075-T651) and thickness 
(6.5 mm) was determined according to the standard test method, by using specimen of 
identical design and size to the fatigue tests.  The results of the experimental testing are 
presented in Chapter 4.  A total of 56 tears were produced from this study and various 
parameters of these tears were quantified.  In addition to that, multiple tears, in a range 
of aluminium alloys and thicknesses, reported in the literature are also quantified and 
summarised at the end of this chapter. 
Chapter 5 evaluates the significance of various measured tearing parameters, and 
assesses the effectiveness of the existing empirical models.  These analyses provide 
some insight into the influence of the stress intensity factor K on the CA and VA 
tearing crack jump length Δa.  The CA and VA tearing crack jump lengths Δa are 
compared to the theoretical plastic zone size and the static resistance curve plot is 
compared with the stable tearing crack jump length Δa.  The multiple stable tears 
generated in this study and experimental data from the literature were utilised to 
develop a new alternative predictive model, which idealises the shape of tearing and 
incorporates some of the key parameters of stable tearing.   
The new predictive model is supported by a combination of experimental testing 
and computational simulation.  This model relates the stress intensity factor parameters 
at stable tearing onset and arrest to the stable tearing crack jump length and the curved 
geometry of the crack front.  A new semi-analytical equation for stable tearing is 
proposed and its functional relationship is determined using the FE method.  This 
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chapter also elaborates the FE analysis, in which the parametric solution of the stress 
intensity factor at the front of the trapezoidal crack front is obtained.  This chapter ends 
with comparisons between the model predictions and the experimental results, which 
show excellent agreement. 
Chapter 6 presents the extended Forsyth and Schijve models, which use the 
idealised shape of tearing in the new model to provide alternative methods for 
predicting stable tearing jump length.  Each of these extended models is validated by 
using various empirical results from literature, and shows good agreement between the 
prediction and measured stable tearing crack jump length.  The advantages and 
disadvantages of each model are presented and discussed.   
Finally, the conclusions of the current study are presented in Chapter 7, with 
recommendations for future work.  A new prediction model is proposed for estimating 
the extent of stable tearing jump crack jump length Δa under CA and VA fatigue 
conditions and the existing empirical models are further developed as useful tearing-
prediction tools.  These models are empirically validated with various results in the 
literature.  This study highlights the significance of fatigue fracture surface analysis in 
interpreting the fracture behaviour of metal under fatigue loading conditions and 
provides advanced knowledge in stable tearing crack growth prediction during 
quantitative fractographic analysis, which helps in establishing confident and accurate 
fatigue life and crack growth predictions. 
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2.3. Implications of stable tearing on fractographic analyses  
2.4. Implications of stable tearing on fatigue crack growth rates prediction 
2.5. Thickness effect on stable tearing 
2.6. Theoretical analyses for stable tearing 
2.7. Empirical analyses for stable tearing 
2.7.1. Forsyth model (CA tearing in aluminium alloy) 
2.7.2. Schijve model (VA tearing in aluminium alloy) 
2.7.3. Resistance curve approach 
2.7.4. Troshchenko model (CA tearing in steels at very low temperature) 
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This chapter critically reviews various aspects of stable tearing from the 
literature.  Several characteristics of stable tearing are discussed, starting with the 
occurrence of stable tearing in a range of engineering alloys and under various loading 
conditions.  The significance of stable tearing is discussed in detail in terms of its 
implications for fractographic analysis of fatigue fracture surfaces and fatigue crack 
growth prediction models.  Current crack growth prediction models are lacking in 
physical validity, which means that the current models predict the cycle-by-cycle crack 
length increment, but this result is not always matched with the fracture surface 
morphology.  Several theoretical approaches and existing models for analysing stable 
tearing are critically analysed.  The main conclusion is that the prediction of stable 
tearing jump length Δa is still not possible especially in aluminium alloy. 
   
2.1. Stable tearing crack growth mechanisms 
The fatigue fracture surface usually exhibits distinctive macroscopic markings, 
which represent a succession of crack fronts during crack growth periods (Laird, 
1967).  These progression markings are often referred to in the literature as beach 
markings, tide markings, conchoidal markings, oyster-shell markings or clamshell 
markings (Forsyth and Ryder, 1960; Mann, 1967).  Over the past decades there has 
been a dramatic interest in the study of the fatigue fracture surface, since the work of 
Zapffe and Worden (1949), who applied a high magnification technique to study 
fracture surfaces; and fracture surface analysis has been employed extensively in 
engineering failure analysis (Ryder et al., 1987; Lynch and Moutsos, 2006), especially 
during aircraft accident investigation (Goldsmith and Clark, 1989, 1990). 
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The fatigue fracture surface of a range of structural metallic materials that were 
used in aircraft components, sometimes exhibits stable tearing bands, visible as dull 
crescent- or tongue-shaped regions in contrast to the “bright” background fatigue 
surface (Forsyth and Ryder, 1961).  Such tearing is commonly visible at the central 
cross-section of the component while the crack fronts that appear on the free surface 
are lagging behind.  Some examples of tearing on the fracture surfaces of laboratory 
test coupons and in-service failure of aircraft spars are depicted in Figure 2.  Multiple 
stable tear bands, shown in Figure 2a, have been produced under CA fatigue conditions 
(increasing ∆K), while Figure 2b-d show the tear bands that are produced under VA 
fatigue conditions. 
Throughout this thesis, the term stable tearing will refer to the tear bands of the 
kind shown in Figure 2, although other terms have been used to describe this 
phenomenon in aluminium alloys, such as brittle crack growth (Hudson and Hardrath, 
1963), tensile crack jumping (Forsyth, 1976, 1978), quasi-cleavage (Bathias and 
Vancon, 1978), tongue-shaped crack extension (Vlasveld and Schijve, 1979, 1980; 
Partl and Schijve, 1990), ductile tearing rupture (Vlasveld and Schijve, 1979, 1980) 
and mixed fatigue-tensile crack growth (Forsyth, 1976, 1978; Bowen and Forsyth, 
1981).  Other terms have also been used for similar occurrence in steels such as crack 
jump-wise (Bolotin, 1999a, 1999b), jump-like crack propagation (Troshchenko, 2009) 
or self-similar crack growth (Ivanova, 1982b). 
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Figure 2. Examples of stable tearing bands on fatigue fracture surfaces: (a), (b) 
laboratory coupons of aluminium alloys (Forsyth and Ryder, 1961; Ab Rahman et al., 
2010a), and (c), (d) fracture surfaces from wing spars in RAAF aircraft (Clark et al., 
1997; Barter et al., 1997).  Arrows indicate the direction of crack growth. 
 
Essentially, stable tearing can be associated with the middle part of the crack 
front becomes unstable during fatigue crack growth, jumps ahead and causes two 
apparently unfractured ligaments near the surface.  It implies that the critical 
conditions for fracture are only achieved at the middle cross-section of the crack front 
(Forsyth and Ryder, 1961), which further suggests that there could be two differing 
fracture conditions that govern the cracking condition at mid-thickness and near 
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surface regions.  These unfractured ligaments effectively restrain further tearing jumps, 
and are proposed to deform plastically (Vlasveld and Schijve, 1979, 1980).  This 
proposal is supported by experimental evidence of the butterfly-shaped deformations 
around the crack tip on the free surface (Bathias and Vancon, 1978; Daneshpour et al., 
2009).  After a quick burst of crack jumping, the crack growth reverts back to being 
fatigue-driven, with the more usual slow fatigue crack growth pattern occurring mainly 
in the unfractured ligaments.   
A noteworthy macroscopic characteristic of the crack growth by the fatigue-
tearing-fatigue process is the continuing changes in crack front shape from straight to 
curved and straight again (Forsyth and Ryder, 1961).  The onset of tearing usually 
occurs at a slightly curved crack front, and the fatigue crack growth that ensues 
subsequent to tearing appears to re-straighten the crack front, after it has been severely 
curved by tearing.  Forsyth (1976, 1978) has shown that the lengths of crack front lines 
at tearing onset and arrest are critical during the occurrence of stable tearing and this 
finding further implies that the other related macroscopic tearing parameters such as 
shape and size (area) could also be key parameters in controlling the onset and arrest of 
tearing, as well as the tearing crack jump length. 
The tearing usually occurs and recurs at a suitably high load in VA conditions 
(Hudson and Hardrath, 1963), while in CA sequences, its occurrence is usually 
observed in regions of high fatigue crack growth rates (Troshchenko, 2009).  This 
implies that multiple tearing bands may ensue prior to the final unstable separation.  
Substantial crack growth in each tear band is produced within a single fatigue cycle, 
whereby the process of tearing growth should occur in the period before Kmax is 
reached (Vlasveld and Schijve, 1979).  In some cases, stable tearing has been observed 
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to occur relatively early in the fatigue cracking process (Forsyth, 1978; Goldsmith et 
al., 1996), and hence the accumulated tearing areas may even make up a very large 
fraction of the overall fracture surface. 
The generalisability of much published research on the microscopic 
characteristics of stable tearing is problematic.  Several studies have reported that 
tearing growth can be categorised as brittle or cleavage fracture (Frost, 1961; Hudson 
and Hardrath, 1963; Pearson, 1968; McIntyre, 1975), with typical morphological 
features such as ridge pattern (McIntyre, 1975) and transgranular growth (Schijve and 
de Rijk, 1965).  In contrast, a number of researchers, such as Forsyth and Ryder 
(1961), Schijve et al., (1976), Bathias and Vancon (1978) and Vlasveld and Schijve 
(1979), suggest that the tearing area is predominated by a dimpled pattern, which is a 
typical attribute of ductile failure and similar to the tensile failure of the final fracture 
(Forsyth and Ryder, 1961).   
However, it should be noted that these observations are made on different alloys, 
and therefore it is most likely that in some materials cleavage fracture is dominant, 
while in others the fracture surface of stable tearing is mainly made up of ductile 
fracture.  Forsyth (1978) suggested that the microscopic appearance of stable tearing 
can be related to the strength of the material, namely stronger material (low toughness) 
is more likely to produce cleavage fracture, while in material of low tensile strength 
(high toughness), the stable tearing surface will be predominated by ductile fracture.   
 
2.2. Observation of stable tearing on fatigue fracture surface 
There is a large volume of published studies relating to the observation of stable 
tearing bands on fatigue fracture surfaces of various engineering metals, subjected to a 
21 
 
range of loading conditions.  For instance, this phenomenon has been observed on 
many fatigue fracture surfaces of various aluminium alloys which are often used in 
aircraft components (Vlasveld and Schijve, 1979, 1980; Bowen and Forsyth, 1981; 
Byrnes et al., 2000; Liu et al., 2005).  Stable tearing can also be evident on the fracture 
surfaces of other aircraft structural metallic materials such as steels and titanium alloys 
(Liu et al., 2005; Pearson, 1968; Powell, 1995).  Particularly, stable tearing has been 
reported on many fracture surfaces of in-service failures of various aluminium alloys 
components such as wing spars (Hudson and Hardrath, 1963; Mann, 1967; Barter et 
al., 1993, 1997; Goldsmith et al., 1996; Clark et al., 1997; Vlasveld and Schijve, 1979, 
1980; Hersman and Higgins, 2007), fuselage skins (Forsyth, 1978; Ciesielski et al., 
2009), piston engine components (Turan and Karci, 2009; Molent, 2010) and others 
(Liu et al., 2005; Molent, 2010).   
Stable tearing has also been observed on fracture surfaces of various steels used 
in other engineering structures, such as pressure vessels (Troshchenko et al., 1980c, 
1992; Yasnii, 1981; Kitsunai, 1986), compressor blades (Limar, 1987; Limar et al., 
1989; Troshchenko, 2003a; Botvina et al., 1981b), rails (Glinka et al., 1984; Vander 
Voort, 1992; Rungta et al., 1985) and many others (Torres et al., 2010; Wanhill, 2003; 
McIntyre, 1975; Wei, 2010).  One noteworthy fact is that some of these structures were 
operated either at extremely low or high temperatures.  Moreover, stable tearing can 
also occur under a range of fatigue cracking conditions such as creep (Christensen, 
1961; Ivanova et al., 1972), stress corrosion (Forsyth and Ryder, 1961; Schijve and de 
Rijk, 1965; Schijve et al., 1976; Ivanova et al., 1972), dynamic loading (Ivanova et al., 
1972; Johnson and Radon, 1976) and hydrogen embrittlement (Ivanova et al., 1972).  
It has conclusively been demonstrated that stable tearing is similar to the pop-in 
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behaviour usually seen during fracture toughness testing (Bowen and Forsyth, 1981), 
and tearing-like growth can be observed on many fracture surfaces of specimens 
exposed to quasi-static loading conditions (Ivanova et al., 1972; Neale, 1978; Torres et 
al., 2010).     
From the preceding paragraphs, it can be concluded that the occurrence of stable 
tearing is wide-ranging, namely it occurs in many engineering materials and structures, 
exposed to a range of loading conditions.  It also indicates that many critical 
components are susceptible to the stable tearing crack growth mechanism, which 
further accentuates its significance and the need for better understanding of the fatigue 
crack growth.  Besides, it has been established in the previous section that stable 
tearing may occur during fatigue crack growth under either CA or VA fatigue 
conditions. 
Stable tearing under CA fatigue cycles usually occurs in region III of the double 
log plot of fatigue crack growth rates da/dN versus the stress intensity factor range ΔK 
(Troshchenko and Pokrovskii, 1980a), as shown in Figure 3.  It should be noted that 
Schijve (2009) also named region III of fatigue crack growth rates plot as the stable 
tearing region, because patches of localised ductile tearing are sometimes observed 
between the periods of fatigue striations.  The onset of CA tearing occurs for a ΔK 
cycle with the Kmax equal to a certain critical value of stress intensity factor Ki.  In 
7178 aluminium alloy, the Ki is equivalent to the plane strain fracture toughness KIc 
(Bowen and Forsyth, 1981), but for many steels at low temperature the Ki is 
appreciably lower than the KIc determined under similar conditions (Troshchenko, 
2009).  
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Stable tearing under VA fatigue cycles is generally observed when high loads are 
applied against a background of lower CA fatigue cycles.  Experimental evidence has 
shown that stable tearing can also be produced on fracture surfaces of various 
aluminium alloy specimens exposed to flight simulation loading conditions (Wanhill et 
al., 1979; Liu et al., 2005).  Similar to the CA tearing, the onset of VA tearing also 
occurs at Kc that is apparently equivalent to the KIc (Vlasveld and Schijve, 1979, 1980).  
This implies that the VA tearing is more likely to occur in region II (Paris region) of 
the fatigue crack growth curve.  This condition should be expected because an 
application of a ΔK with Kmax = KIc in region III will theoretically cause the final 
unstable fracture of the specimen.   
It implies that the conditions for the onset of CA and VA tears are equivalent, but 
this critical state (Kmax  KIc ) is achieved through two different conditions, namely by 
having longer crack length a in CA fatigue, while in VA fatigue the onset is mainly 
due to the overload.  The occurrence of CA tearing in region III and VA tearing in 
region II of fatigue crack growth rate plot has substantial consequences on fatigue 
crack growth predictions, and this issue is discussed in detail in section 2.4.  It is 
noteworthy that the fatigue crack growth rates plot is preceded by a threshold region 
(region I) and the comprehensive description and significance of each region can be 
sought from major textbooks on metal fatigue, such as Suresh (1998), Stephens et al. 
(2001), Pook (2007) and Schijve (2009). 
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Figure 3.  The three regions of fatigue crack growth under CA fatigue cycle.  The onset 
of CA tearing usually occurs in region III when the condition of Kmax  Ki is attained 
by virtue of having longer crack length, while the onset of VA tearing takes place in 
region II as the overload cycle can induce the Kmax  Ki condition.  Adapted from 
Schijve (2009). 
 
2.3. Implications of stable tearing on fractographic analyses 
From macroscopic observation, it can be concluded that the crack advance by 
tearing is analogous to the final unstable fracture of the component (Bowen and 
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Forsyth, 1981; Ab Rahman et al., 2010b), but with the distinct difference that the 
tearing is stable.  The final unstable fracture occurs when the remaining cross-section 
can no longer sustain the applied load, whilst in tearing; the crack growth is arrested 
after a certain distance of crack front advancement and then resumed by further fatigue 
crack growth.  Macroscopic evidence has also shown that multiple stable tearing 
bands, separated by regions created by fatigue crack growth, may be visible on a single 
fracture surface (Ab Rahman et al., 2010a, 2010c, 2010d), to the extent that they may 
even make up the majority of the fatigue fracture surface (Goldsmith et al., 1996).   
The challenge in fracture surface analysis – known as quantitative fractography 
(Forsyth and Ryder, 1960; Goldsmith and Clark, 1989, 1990; Lynch and Wanhill, 
2004) – is usually to relate a sequence of flight loads to a sequence of markings, 
revealing relationships between the crack front progression markings on the crack 
surface and the loading history of the component.  Quantitative fractography is crucial 
in developing a crack growth history against flights, to assess the structural integrity of 
the (grounded) fleet and plan the periodic inspections for fatigue cracks.  Such analysis 
could provide vital crack growth history for the failed part, and in this case, the 
extensive stable tearing made the process difficult, since it was not obvious how the 
extent of each tear could be linked to loads. 
One particular surface that provides a good example is given in Figure 4, which 
shows the fracture surface of an aluminium alloy wing spar that failed during flight 
(Clark et al., 1997; Barter et al., 1997).  The fracture surface shows many large tear 
bands, visible in Figure 4 as dark crescents, and notably large proportions of the 
fracture surface consist of tearing.  Figure 5 shows part of the spar fracture surface, 
including flight numbers in which various markings occurred.  The inset in Figure 5 
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highlights the differences between some very small increments in crack length or 
changes in surface topography, appearing as progression marks in a fatigue region, and 
two large neighbouring stable tear bands (each of which occurred during a single flight 
load cycle). 
 
 
Figure 4.  Fracture surface appearance of 7075 aluminium alloy lower wing spar from 
an Aermacchi MB326H (Goldsmith et al., 1996), showing evidence of brighter regions 
of in-service fatigue crack growth, with progression markings, interrupted by dull 
bands of stable tearing.  An arrow indicates the crack growth direction prior to final 
unstable failure. 
 
In the absence of a valid stable tearing model, fracture surface analysis demands 
extensive effort to devise ways to match up some of the large tears to the loads present 
in the (rather uncertain) load history (Goldsmith et al., 1996).  Several attempts have 
been made to relate the size of each tear to the applied load, notably by Hudson and 
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Hardrath (1963) in an aluminium alloy specimen, but have been unsuccessful.  In few 
steels, empirical evidence shows that the size of each tear can be related to the plastic 
zone size (Troshchenko and Pokrovskii, 1983a; Kitsunai, 1986), but the correlation is 
only specific to a certain type of steels and there is no generic solution. 
 
 
Figure 5.  Part of the fracture surface of the failed spar of an Aermacchi MB326H, 
with the flight numbers in which specific markings occurred are shown (Barter et al., 
1993).  Several large tears are evident. 
 
2.4. Implications of stable tearing on fatigue crack growth rates prediction 
The first serious discussions and analyses of stable tearing in fatigue crack 
growth emerged in 1961, when the first report was put forward by Forsyth and Ryder 
(1961), who observed stable tearing in a thin sheet of aluminium alloy specimen 
(thickness t = 4.5 mm).  They presented a theoretical analysis for stable tearing based 
on the work of Cottrell (1958).  In the same year, other researchers had reported 
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similar observations during the proceedings of the Crack Propagation Symposium in 
Cranfield (Christensen, 1961; Hardrath and McEvily, 1961; Frost et al., 1961).  For 
instance, Christensen (1961) demonstrated that stable tearing occurs under fatigue-
creep conditions and highlighted the importance of plastic deformation at the ligaments 
in arresting the crack growth.  Like Forsyth and Ryder (1961), he also noted the 
importance of shape and contour of the crack front in controlling the fatigue crack 
growth rate.  
Fundamentally, stable tearing can be regarded as a departure from steady fatigue 
cracking, featuring a rapid “jump” of crack length in one loading cycle, after which 
fatigue resumes.  Vlasveld and Schijve (1979) noted that each tearing jump cannot be 
detected on the surface of the specimen but showed conclusively that the growth of 
each tear takes place continuously during an increasing load in a single fatigue cycle 
on the potential drop records.  They also noticed that this process is much faster than 
normal fatigue crack growth and the crack front advance in much greater, whilst Frost 
(1962) and McIntyre (1975) concluded that the overall fatigue crack growth with 
bands of tearing actually consists of periods of slow fatigue crack growth interspersed 
with periods of fast stable fracture by tearing. 
Stable tearing has been recognised as a major issue affecting accurate and 
reliable predictions of fatigue life and fatigue crack growth (Frost, 1962; Hudson and 
Hardrath, 1963; Wanhill et al., 1979; Partl and Schijve, 1990; Barter et al., 1993; 
Goldsmith et al., 1996; Clark et al., 1997; Newman Jr., 1997).  For CA conditions, 
Schijve (2009) mentioned several empirical relationships to account for the fatigue 
crack growth rate in region III, and concluded that none of these functions has physical 
validity.  The erratic nature of fatigue crack growth in this region suggests that it is 
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more practical to discard components when the calculated Kmax reaches KIc, namely at 
the first onset of tearing, and implies that the predicted overall crack growth life is 
rather conservative.  However, in many engineering metals, multiple tear bands 
between fatigue crack growth periods can occur, notably as shown by the test results of 
Forsyth and Ryder (1961) and Frost (1962), and hence the addition of fatigue-tearing 
crack growth life can have significant effect on the predicted overall crack growth life.   
In VA loading sequences, a stable tearing band usually forms upon the 
application of a ΔK with Kmax = KIc, and most likely occurs during the increasing 
tensile loading cycle of the high load cycles (Vlasveld and Schijve, 1979, 1980).  This 
means that a single high load cycle (overload) can produce significant increase in crack 
length in addition to retardation in subsequent fatigue crack growth.  Newman Jr. 
(1997) indicated that the presence of stable tearing will cause the plasticity-induced 
crack closure model to underestimate the crack growth rate after an overload, whilst 
Vardar and Yildirim (1990) observed that the large tearing jump length can cause the 
actual crack growth rate to deviate from the Paris relationship. 
It is worthwhile to note that a considerable amount of literature has been 
published on the retardation (or sometimes acceleration) effect of an overload (Geary, 
1992; Singh et al., 2011).  In 7075 aluminium alloy, several fatigue crack growth 
retardation mechanisms have been proposed, such as crack tip branching and 
plasticity-induced crack closure (Bucci et al., 1980).  Numerous studies have also been 
conducted to develop crack growth prediction models that account for such a 
retardation effect in 7075 aluminium alloy, for example Vardar (1988), Yildirim and 
Vardar (1990) and Celik et al. (2004).  It should be noted that Vardar (1988) ignored 
the correlation between the retardation mechanisms (stable tearing) and the delayed 
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period.  Yildirim and Vardar‟s analysis, however, did not take into account the 
presence of tearing jump, nor did they examine the relationship between the tearing 
jump and the retardation periods.     
A practical question is whether prediction models for stable tearing will improve 
the reliability and validity of the overall fatigue life and crack growth prediction 
models.  It has been emphasised that the presence of tearing bands can generally be 
regarded as reflecting incipient failure, namely the Kmax at the crack tip is approaching 
the critical condition KIc.  However, tearing can start very early during fatigue life 
(within 30% of the fatigue crack growth life (Forsyth, 1978)) and therefore is most 
likely to dominate the fatigue crack growth region.  The overall fatigue crack growth 
prediction model up to the final unstable failure is limited to steels operating at very 
low temperatures and is not yet available for aluminium alloys.   
The studies on crack growth prediction models for VA loading usually neglect 
the occurrence of stable tearing (Bathias and Vancon, 1978; Vardar and Yildirim, 
1990), partly because its occurrence is only observed under certain conditions.  For 
example, test results of the two aluminium alloys, 2024-T3 and 7075-T6 with 4 mm 
thick specimens showed that stable tearing was only observed on 7075-T6 alloy 
(Schijve, 1974).  A similar observation has been reported by Bathias and Vancon 
(1978) in other series of aluminium alloys.  Other possibilities are that many previous 
fatigue crack growth studies are often limited to measuring the crack length over 
fatigue load cycles, without comparison being made to the fracture surface (Zhao et 
al., 2008) or the application of overload has an insignificant effect on the overall 
fatigue crack growth curve (Barter et al., 2005).  Zhao et al. (2008) noted the limitation 
of the Wheeler‟s model in describing the complex phenomena immediately subsequent 
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to overloading, such as crack acceleration and arrest.  A similar conclusion has been 
suggested by Bathias and Vancon (1978) for Willenborg model.    
Schijve (2009) and Pook (2007) noted that the empirical verification of the 
fatigue crack growth prediction models under VA loading is rather limited.  One way 
to accomplish this is by matching the crack growth prediction model with the striation 
spacing on fatigue fracture surface (Schijve, 2009).  Such comparative analyses, 
sometimes referred to as fatigue crack growth reconstitution (Kunz et al., 2010), have 
been conducted (Siegl et al., 1991, 2009), but are found to be complicated by the 
presence of other fracture mechanisms such as stable tearing (Siegl et al., 2009).  
Lauschmann et al. (2006) argued that the conventional definition of fatigue crack 
growth rate, which is based on the crack length increment over number of loading 
cycles, is only suitable for CA loading.     
However, under VA load excursions, the crack growth rate is not directly related 
to the striation spacing, as an overload cycle (high load cycle) can cause a substantial 
increase in crack length, but in the subsequent low fatigue cycles, no noticeable crack 
growth marks appear on fracture surface due to the effect of retardation.  Better 
correlation between the crack growth prediction models with the fracture surface 
morphology will definitely improve the accuracy of predicting fatigue crack growth 
(Schijve, 1999).  
  
2.5. Thickness effect on stable tearing 
The observation of greater crack advance at the mid-thickness region of a 
component or specimen has prompted several researchers to believe that stable tearing 
usually occurs in materials of intermediate thickness whereby regions of plane strain 
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and plane stress coexist (Hardrath and McEvily, 1961; Dixon, 1966; Vlasveld and 
Schijve, 1979, 1980; Lynch, 2007).  The survey in Table 2 indicates that stable tearing 
has mostly occurred in materials of intermediate thickness.  It has been established in 
section 2.2 that the critical condition for the occurrence of stable tearing in aluminium 
alloys is the attainment of Kmax = KIc.  This is possible only if a fraction of the crack 
front is under plane strain condition.  It should also be noted that tear bands can also 
occur in fairly thin or thick materials, where fully-developed plane stress or strain 
conditions respectively, are expected.  For example, stable tearing can occur in alloys 
2024, 7050, 7075 and 7178 of thickness 2 to 3 mm, while the occurrence of stable 
tearing in a very thick specimen is reported only in 7075 alloy of 25 mm thick.  
It should be noted, however, that the test results of Byrnes et al. (2000) suggest 
that tearing in a very thick specimen is not quite stable, as a slight increase in Kmax can 
cause the final unstable fracture.  In their test, three relatively thin tearing bands were 
produced by applying overload of Kmax slightly less than the material‟s fracture 
toughness.  This is only possible for 7075 alloy, while two 7050 specimens were failed 
when tested under similar condition, namely Kmax is slightly less than KIc.  This implies 
that the crack growth life after the first onset of tearing in a relatively thick specimen is 
very short, and as a consequence, the engineering application of a stable tearing 
prediction model in this range of thicknesses is very limited. 
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Table 2.  Surveys of experimental studies of stable tearing in various aluminium alloys 
and thicknesses. 
Alloy t (mm) Researchers 
2024-T3 2 Schijve et al. (1976), Partl and Schijve (1990)  
 3 Yasnii and Pyndus (2002)  
 4.9 Shanyavsky et al. (1995)  
 10 Schijve et al. (1976)  
2024-T4 10 Bathias and Vancon (1978)  
 19.1 Hudson and Hardrath (1963), Hardrath and McEvily (1961)  
2618 10 Bathias and Vancon (1978)  
7050-T7451 3 Liu et al. (2005)  
 6, 12 Byrnes et al. (2000)  
7075-T6 2 Schijve and de Rijk (1965), Schijve et al. (1976)  
 4 Schijve (1974)  
 10 Schijve et al. (1976)  
 25 Byrnes et al. (2000)  
7075-T651 6.4, 12.7 Vlasveld and Schijve (1979, 1980)  
7075-T7 6.4 Vlasveld and Schijve (1979, 1980)  
7178-T6 2.5, 3.3 Frost et al. (1961), Frost (1962)  
 4.5 Forsyth and Ryder (1961)  
7178-T651 3 Bowen and Forsyth (1981)  
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Experimental evidence in several studies has suggested that the occurrence of 
stable tearing in material of thin and intermediate thicknesses under CA conditions can 
be associated with the transition of a fatigue crack from a tensile mode (flat fracture 
surface) to the shear mode (slant fracture surface), in which the crack front becomes 
more curved during the process (Frost, 1962; Bowen and Forsyth, 1981; Rhodes et al., 
1980; Limar et al., 1989).  For example, Limar et al. (1989) reported this condition in a 
thin titanium alloys specimen of thickness 3.5 mm.  This suggests that in a range of 
metals, the occurrence of stable tearing expedites this transition, and this condition is 
found to be the case especially at the high K region (Frost, 1962).   
The fracture mode transition is mainly caused by an increase in the plastic zone 
size as the crack progresses (Broek, 1986), as depicted in Figure 6.  In the early stages 
of cracking, the plastic zone size is small, promoting plane strain conditions.  As the 
crack and its plastic zone enlarge, fracture can occur on the slanted boundary of the 
growing region of plane stress.  One of the limitations of this explanation is that if the 
specimen is very thin, the final unstable fracture will usually be caused by net section 
yielding, which implies that the use of the K-criterion may be invalid.  Therefore, it 
suggests that the occurrence of CA tearing is related to the size of the plastic zone, and 
this suggestion is supported by some empirical evidence, especially in steels at very 
low temperatures (Kitsunai, 1985, 1986; Troshchenko and Pokrovskii, 1983a; 
Troshchenko et al., 1978).   
The occurrence of stable tearing in a thick material is not very well understood, 
but for aluminium alloy, it has only been reported (Hudson and Hardrath, 1963; 
Bathias and Vancon, 1978; Byrnes et al., 2000) as occurring under VA loading, where 
one or more tensile peak loads are applied against a background of less severe load 
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cycling.  The occurrence of CA tearing in thick materials has been reported in various 
steels at very low (Troshchenko et al., 1980b) or high (Pearson, 1968) temperatures.  
In these conditions, the onset of tearing is observed to occur at K–level that is 
appreciably lower than its equivalent temperature plane strain fracture toughness KIc 
(Pearson, 1968), as will be discussed in section 2.7.4.   
 
 
Figure 6.  Fatigue crack growth transition from tensile mode to shear mode (adapted 
from (Broek, 1986).  The depth of shear lip D from the side of the specimen is 
approximately equal to the plane stress plastic zone size (Hertzberg, 1996). 
 
The application of a high tensile peak load or overload under VA fatigue 
conditions can induce material in the central portion of the specimens (which is 
predominantly under plane strain) to reach critical conditions (Kmax ≥ KIc), causing the 
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crack front to jump.  This implies that the critical conditions of tearing are only 
achieved and maintained at the central part of the crack front during tear growth.  The 
occurrence of VA tearing in thick material is also similar to the pop-in phenomenon 
during plane strain fracture toughness test (Brown and Srawley, 1966), but unlike the 
static test, in VA conditions, transitory stability returns once the overload cycle is 
replaced by a less severe fatigue cycle. 
The arrest of tearing have been associated with other mechanisms that occur in 
the surrounding material, such as retardation by residual compressive stress caused by 
the overload at the mid-thickness region (Hardrath and McEvily, 1961; Hudson and 
Hardrath, 1963; Bathias and Vancon, 1978), the restraining effect of uncracked 
ligaments at the edges (Vlasveld and Schijve, 1979, 1980) and an increase in the length 
of the crack front (Bowen and Forsyth, 1977, 1978, 1981) (especially in a CA fatigue 
condition).  It should also be noted that, since the tearing under VA conditions occurs 
as a result of an overload, other fracture retardation mechanisms are also possible such 
as crack deflection, strain hardening, plastic blunting/re-sharpening, depending on the 
types of material (Ward-Close et al., 1989), except for plasticity-induced crack closure.  
The effect of crack closure is only possible when the crack is about to open or close, 
when the fracture surfaces are in contact with each other (Elber, 1970), whilst the 
tearing advancement process occurs progressively during loading to Kmax.   
Therefore, it can be concluded that although stable tearing may occur in very 
thick metals, its occurrence is more significant in metal of intermediate and thin 
thicknesses because the crack growth life after the first onset of tearing may be 
substantial.  The occurrence of tearing in a relatively thick metal is rather unstable.  
Stable tearing in relatively thin and intermediate thicknesses materials under CA 
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conditions can be associated with the transition of fatigue crack modes, as the crack 
front becomes more curved, and thus can be related to the plastic zone size.   
 
2.6. Theoretical analyses for stable tearing 
A number of theoretical analyses for stable tearing have been put forward.  Sih 
(1981) postulated that the crack growth condition of stable tearing is similar to the total 
of critical strain energy density and its process is assumed to be similar to the ductile 
fracture under static loading.  According to this theory, the stable tearing process is 
governed by the release of dilatational energy ahead of the crack front, and this energy 
is concentrated more in the mid-thickness region, while material near the surface can 
deform.  The fatigue growth that follows each tear is then dominated by distortion in 
the material at the trailing edge near the free surface, which is associated with more 
energy stored at the free surface than at the central zone.   
The occurrence of stable tearing therefore can be predicted by counting the 
hysteresis energy density during each loading cycle, and the onset of stable tearing is 
assumed to occur when the total hysteresis strain energy density 
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where M is a material constant, which has to be determined by experimentation or 
numerical analysis, Δn is the interval between numbers of cycles and 
V
W


 
is the strain 
energy density function (ΔW is the strain energy and ΔV is the volume).  Detailed 
description of this failure criterion can be found in Gdoutos (2005).  Sih (1981) 
described a few methods by which this failure criterion can be developed, but none of 
these are supported empirically.  The criterion emphasises the importance of the shape 
of the crack front and the fracture surface area as some of the controlling parameters.    
Bolotin (1999a) presented a theoretical framework for analysing stable tearing 
(or jump-wise) based on the thin plastic zone model derived from the work of Leonov, 
Panasyuk and Dugdale.  The main parameter of this approach is the plastic zone size, 
in which the damage process occurs.  Bolotin (1999a) suggested that the tearing crack 
jump length Δa can be estimated by the extent of the cyclic plastic zone size.  
However, similar to the critical strain energy density criterion, this approach lacks an 
experimental validation. 
Ivanova (1982b) used the similarity theory in combination with linear fracture 
mechanics approaches to determine various fundamental properties related to the 
occurrence of stable tearing.  In her work, stable tearing has been referred to as self-
similar fatigue crack growth or jump-wise propagation of fatigue cracks.  This theory 
is based on the assumptions that the density of plastic deformation energy remains 
constant as the crack grows and the stress state at the crack tip can be represented by a 
single parameter of stress intensity factor (plane strain condition).   
According to this theory, the onset of tearing occurs when the crack acquires 
sufficient energy for a jump.  This energy is required to create a sizeable plastic zone 
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size in front of the crack tip and the resultant temporary state of instability is referred 
to as plastic instability.  The extent of the first jump of crack length Δa can be 
estimated by the following relationship, 
2
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a  (2) 
where maxK  represents the maximum stress intensity factor, ζ is a factor that accounts 
for the local ductility at the transition between fatigue crack and tearing and σY is the 
material‟s tensile strength.  She proposed various other empirical relationships based 
on the similarity conditions, detail of which can be obtained from Ivanova (1982b).  
Ivanova‟s model, however, has been subjected to considerable criticism by Barenblatt 
(Barenblatt, 1982a, 1982b; Ivanova, 1982a, 1982c) especially on the theoretical 
foundation of her model.  Perhaps the most serious disadvantage of this approach is 
that many of the terms must be determined by laborious experimental methods. 
Finally, Margolin and Shvetsova (1991) proposed an analytical model that uses 
the critical brittle failure stress Sc as a limiting parameter for the onset of the first stable 
tear.  The validity of the model has been substantiated by using steel (Ni-Cr-Mo-V).  
One limitation of this model is that it only predicts the onset of the first stable tear.  
Another limitation of this model is that its empirical formula involves various 
parameters, which have to be determined experimentally.  Moreover, no attempt has 
been made to predict the length of the tearing jump length nor does it explain why the 
tearing stops.   
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2.7. Empirical analyses for stable tearing 
Several empirical models have been proposed in the literature (Troshchenko et 
al., 1982; Ab Rahman et al., 2010b) for analysing stable tearing on fatigue fracture 
surfaces, which are all based on the two-dimensional analysis of the crack front and 
use stress intensity factor K as the main parameter.  For aluminium alloys, three 
principal studies, by Forsyth (Forsyth, 1976, 1978; Bowen and Forsyth, 1981), Schijve 
(Vlasveld and Schijve, 1979, 1980) and Clark (Byrnes et al., 1998, 2000; Liu et al., 
2005), have attempted to produce models which allow tearing characteristics to be 
assessed from fracture surfaces, by relating the observed shapes to the crack front line 
length l, to a stress intensity factor modified by the size of the uncracked fracture 
surface ligament, and to the material‟s resistance curve.  Details of these models are 
presented in Section 2.7.1, 2.7.2 and 2.7.3. 
Several alternative empirical methods have been proposed in the literature to 
account for specific applications (Glinka et al., 1984; Troshchenko, 2009).  For 
example, Glinka et al. (1984) studied stable tearing in an elliptical crack in three types 
of steels rails.  Due to the three-dimensional nature of an elliptical crack, the stress 
intensity factor K was only determined at the deepest point of the crack (at the end of 
the short axis) and given by the following relationship, 
)()()( rmax2D  KKaK   (3) 
where K(max) and K(r) represent the K (in MPa√m) due to the maximum applied 
stress and the residual stress, respectively.   
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Glinka et al. (1984) carried out all the tests using CA loading, and multiple tear 
bands were observed on all three types of steels.  The main conclusion was that the 
onset and arrest of tearing occurred due to variation of the K-value at the deepest point 
of the crack front.  Similar to the empirical evidence reported by Forsyth (Forsyth, 
1978; Bowen and Forsyth, 1981) and Schijve (Vlasveld and Schijve, 1979, 1980), the 
onset of stable tearing in these steels was observed at Kmax = KIc.  The arrest of tearing 
was attributed to the change in crack front shape, by being more curved at arrest, and 
hence resulted in reduction of the K.  As mentioned before, the proposed method 
applies only for stable tearing in an elliptical crack, and therefore the effect of residual 
stresses is very significant.  Other than that, observations in this study are 
fundamentally similar to that of Forsyth (Forsyth, 1978; Bowen and Forsyth, 1981) 
and Schijve (Vlasveld and Schijve, 1979, 1980).   
Kitsunai (1985) presented some empirical observations of stable tearing in 
welded structural steel at low temperature, Pearson (1968) studied the occurrence of 
stable tearing in turbine disc steel at high temperature, but perhaps, the most extensive 
investigations of stable tearing in steels have been conducted by Troshchenko and co-
workers (Troshchenko, 2003, 2009; Troshchenko and Pokrovskii, 1980, 1983a, 1983b, 
2003a, 2003b; Troshchenko et al., 1978, 1079, 1980a, 1980b, 1982, 1985, 1987, 1988, 
1992, 1994).  Most of these studies were carried out on steels at very low temperature 
ranges.  Details of his work are presented in section 2.7.4. 
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2.7.1. Forsyth model (CA tearing in aluminium alloy) 
Forsyth and Ryder (1961) examined CA fatigue cracking in 4.5 mm thick 7178-
T6 aluminium alloy specimens, in which fatigue crack growth was interrupted by 
periods of stable tearing.  They investigated changes in the crack front line length l and 
noted that for each tear the length was always greater at tearing arrest, denoted as l(ai + 
Δa), than at the onset of tearing l(ai).  Later, Forsyth (1976) hypothesised that CA 
tearing was halted, despite having longer maximum crack length and hence greater 
nominal stress intensity factor, because the l(ai + Δa) was longer.  Measurement of 
pairs of maximum crack length and crack front line length data for the onset and arrest 
of CA tearing enabled Forsyth (1976) to suggest that the ratio of the square root of 
crack length to the crack front line length was approximately constant at onset and 
arrest of tearing, as represented by Eq. (4), although the value at onset was marginally 
higher than the arrest as indicated in Eq. (5). 
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Eq. (4) implies that the onset of tearing occurs when the fracture condition is attained 
along the crack front, while Eq. (5) suggests that this critical fracture condition for 
tearing is always higher than for the resumption of fatigue (Forsyth, 1978).   
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Forsyth (1978) argued that the lengthening and shortening of crack front during 
tearing and fatigue, respectively, occurred because the crack front attempts to retain 
the minimum-energy curvature, and by doing this the  
l
a
 ratio either at onset or 
arrest of tearing would be affected by various parameters; he nominated the specimen 
thickness t, maximum applied stress σmax and fracture toughness KIc, as follows: 
maxw
Ic


tC
K
l
a
 (6) 
where Cw is the correction factor to account for finite width, but excluding any 
correction factor for the curved crack front. 
Bowen and Forsyth (1981) proposed that each CA tear commences when the 
maximum stress intensity factor Kmax in the fatigue cycle reaches the fracture 
toughness of the material KIc.  As the crack front line length l increases during tearing, 
they argued that stability can only be maintained if the Kmax is reduced by a ratio  
l
t
.  In 
effect, they proposed that the conditions for the onset and arrest of tearing are 
maintained throughout the tearing process with line length changing to maintain the 
stability (Wanhill et al., 1982).  As illustrated in Figure 7, the Forsyth model assumes 
that the tearing initiates from a rectilinear crack front, namely l(ai) = t and the cessation 
occurs with a curved crack front and by modifying Eq. (6), the maximum stress 
intensity factor K2D(ai + ∆a) at each tearing can be estimated by the following 
equation. 
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Bowen and Forsyth (1981) further suggested that CA tearing occurs under 
predominantly plane strain conditions and the stable tearing crack jump length is 
controlled by an energy density or line tension along the crack front length.  They 
argued that the constancy of Eq. (4) is only possible for CA tearing, while VA tearing 
has been shown to produce scattered values. 
The finding of Forsyth and Ryder instigated more research being done on the 
stable tearing phenomenon or referred to as Forsyth-Ryder mechanism (Plumbridge 
and Ryder, 1969), particularly by Troshchenko and co-workers at Pisarenko Institute 
for Problems of Strength in the Ukraine.  Eq. (6) was applied by Botvina et al. (1981) 
to study stable tearing in a compressor blade titanium alloy, while Vlasveld and 
Schijve (1979, 1980) used Eq. (7) to validate their VA tearing empirical model.  A 
similar approach in compensating the effect to crack front curvature, as in Eq. (6), was 
used by Neale (1976, 1978) to approximate the stress intensity factor for a thumbnail 
crack in fracture toughness testing.  The Forsyth concept had also been used by various 
authors to explain some fatigue-related phenomena, for example in crack growth 
retardation (Ward-Close et al., 1989; Bowen and Forsyth, 1977; Forsyth and Bowen, 
1981; Forsyth, 1983) and an apparent discontinuity in fatigue crack growth curves 
(Barenblatt and Botvina, 1993).  Botvina and Limar (1985) also emphasised the 
usefulness of the crack front line length during quantitative fractography. 
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Figure 7. Schematic representation of the Forsyth model: (a) at tearing onset and (b) at 
tearing arrest. 
 
2.7.2. Schijve model (VA tearing in aluminium alloy) 
Tearing under VA loading had been reported by Schijve and co-workers (Schijve 
and de Rijk, 1965; Schijve, 1974; Schijve et al., 1976, 2004; Vlasveld and Schijve, 
1979, 1980; Partl and Schijve, 1990), though the first fractographic study on VA 
tearing may be credited to Hardrath and McEvily (1961).  Unlike the Forsyth model, 
which proposed that the plane strain conditions prevailed in CA tearing, Vlasveld and 
Schijve (1980) recognised the potential for through-thickness constraint – plane strain 
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and plane stress conditions – to play a role in VA tearing.  They introduced the key 
concept of a change in the stress intensity factor (denoted as Kl) due to the restraining 
ligaments, which prevent unstable fracture occurring, with the stress intensity factor at 
tearing arrest is given by 
lIci2D )( KKaaK   (8) 
where Kl is derived based on the assumptions that the restraining ligament is plastically 
deformed under plane stress conditions and its size increases linearly with the crack 
jump length Δa.  It is defined as 
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where α is the slope factor that accounts for the depth of plane stress penetration and is 
defined as 
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where β is the angle between the tearing boundary to the free edge of the specimen in 
radians, as depicted in Figure 8.  Based on the measurement of tearing on 12.7 mm 
thick specimens, Vlasveld and Schijve (1980) used α = 0.24 and assumed that this 
value was a constant.  
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Figure 8. Schematic representation of the Schijve model: (a) at tearing onset and (b) at 
tearing arrest. 
Like Forsyth (Forsyth, 1976, 1978; Bowen and Forsyth, 1981), Vlasveld and 
Schijve (1979, 1980) also believed that stable tearing will commence when the stress 
intensity factor reaches the fracture toughness KIc, and assumed a straight crack front at 
the start of tearing.  Since tearing has been suggested to occur predominantly under 
plane strain conditions, where triaxial crack tip stress predominates (σx, σy and σz ≠ 0) 
(Dixon, 1966), they argued that the stress intensity factor at the flat crack front 
(namely a = ai + Δa) will equal KIc.  In essence, their model implies that the stress 
intensity factor at arrest of tearing K2D(ai + Δa) is not the stress intensity factor 
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calculated on the maximum crack length, but is lowered by an amount reflecting the 
effect of the restraining ligaments Kl. 
Vlasveld and Schijve (1979, 1980) stressed that this model is very sensitive to 
Δa, which implies that a high level of measuring accuracy must be employed.  They 
also acknowledged the legitimacy of using α as a constant for a particular aluminium 
alloy, and further noted that the α-value should be affected by the specimen thickness.  
Due to these constraints, Eq. (9) was validated by using substantially large tears, 
namely Δa > 3 mm, in 12.7 mm thick specimens and shown to give a good prediction 
result.  Byrnes et al. (2000) also highlighted a practical complication in determining 
the α-value especially for skewed tearing.  Another limitation of this model is that it 
does perform very well for tearing in a very thick or very thin specimen, as the 
conditions of plane strain and plane stress are expected to predominate, respectively.  
This notion is verified by Byrnes et al. (2000), who concluded that the model works 
very well, relatively poorly and not at all for predicting the theoretical K at tearing 
arrest in 7050 aluminium alloy specimen thickness of 12.0 mm, 6.0 mm and 24.0 mm, 
respectively.  This indicates that the Schijve model is only suitable for intermediate 
thickness material.   
 
2.7.3. Resistance curve approach  
The resistance curve (or KR curve) represents the toughness development in 
materials during a period of slow stable crack extension (ASTM E 561, 2009), which 
sometimes precedes unstable failure and can be used to characterise the ductile tearing 
resistance of crack extension under plane stress conditions (Brocks et al., 2010).  This 
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steady fracture mechanism is often observed when loading a metal of relatively thin 
section containing a crack, in which the stressing state is either full or predominantly 
plane stress conditions.  In this stress state, the crack often grows by ductile fracture 
and exhibits a tunnelling effect (the crack grows more at the centre of the specimen) in 
addition to a change in curvature of crack front contour as the crack progresses 
(Anderson, 2005). 
  The conceptual foundation of the KR curve has been hypothesised by Krafft et 
al. (1961), and its physical meaning is confirmed by several studies.  For instances, 
Knott (1973) presented experimental verification, Heyer and McCabe (1972) 
experimentally confirmed that the KR curve is an intrinsic property of a material for a 
given thickness and Janssen et al. (2006) provided justification for KR independence on 
initial crack length.   
Several practical applications of this method have been proposed in the literature 
(Heyer, 1973; Vlieger, 1988).  For example, Vlieger (1988) used the R-curve to predict 
the crack growth behaviour in the thin stiffened-skin of aircraft specimens.  Since the 
region under plane stress (near the specimen edge) plays a major role in developing 
ligaments and controlling the extent of tearing (Vlasveld and Schijve, 1979, 1980), it is 
interesting to investigate the usefulness of the R-curve in estimating the Δa at a 
specific applied stress intensity factor K2D(ai). 
  The rising KR curve can be divided into two parts, as shown in Figure 9.  The 
first part is a vertical segment A-B, which corresponds to no crack growth at low 
applied stress intensity factor KG (represented by line KG1 in Figure 9).  In reality, even 
if there is any crack growth, its amount is almost undetectable because the crack tip is 
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usually obscured by plastic deformation at the free surface.  Observable stable crack 
extension (segment B-C) starts when the applied driving force KG is greater than the K-
value at which ductile tearing commences, denoted as Ki in Figure 9.  For instance, at 
KG2, the crack extends for Δae from its initial crack length and the crack growth during 
this condition is stable by the fact that the KG curve remains below the KR curve after 
they intersect.  The state of stability is maintained until the KG exceeds the critical K-
value at Kc.  The point of instability at Kc has two characteristics (Sanford, 2003): the 
crack driving force curve is higher than the resistance curve, (KG > KR); and the point 
between the KG and KR curves must also meet the tangency condition of ∂KG/∂a > 
∂KR/∂a.   
Ki in Figure 9 is analogous to the plane strain fracture toughness, KIc and can be 
regarded as a lower limit of the KIc (Schwalbe, 1977, 1979).  Schwalbe (1979) found 
that Ki is independent of the main dimensions of the specimen (namely width, 
thickness and crack length) and that each material has a unique Ki-value.  It is therefore 
sensible to assume that even in a relatively thin section, the onset of crack growth takes 
place inside the plane strain enclave, which can then be used to explain the constancy 
of the Ki value.  In contrast, the Kc values are dependent on the section thickness.  
Further explanations of this term and Kplat can be sought from Jenssen et al. (2006) and 
Schwalbe (1979). 
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Figure 9. The resistance curve in terms of stress intensity factor or KR curve and KG.  
Kplat is the plateau level of the KR curve (Janssen et al., 2006). 
 
The resistance curve (R-curve) approach in analysing stable tearing has been 
proposed by Byrnes et al. (2000), who noted that this method could become an 
alternative predictive model to the Forsyth and Schijve models.  It should also be 
recognised that the theoretical model by Bolotin (1999a) is fundamentally similar to 
the R-curve concept.  This idea has been further investigated by Liu et al. (2005), who 
proposed that the stable tearing jump length ∆a can be related to the static (ductile 
tearing) ∆ae by the following Eq. (11), 
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where ry is the plane stress Irwin‟s correction factor determined by the following 
equation, 
2
UY
)e2D
y
2
(
2
1















aK
r
.
 (12) 
where K2D(ae) is the stress intensity factor at effective crack length ae, Y and U are 
the yield and ultimate strengths of the material. 
They concluded that the R-curve method gives good prediction of the K-value at 
the final unstable failure, but is unreliable in predicting the size of a stable tearing 
crack jump Δa, especially for thick specimens.  Some of the drawbacks of this method 
are that it requires some regression analyses and multiple correction factors to estimate 
parameters such as K and Δa, whilst its application is limited to post-failure analysis.  
One of the proposed correction factors is to account for the effect of crack front 
curvature, which can be significant in stable tearing but is assumed to be non-existent 
in the static R-curve approach.  Liu et al. (2005) proposed an equivalent area concept, 
which means that the ∆a of stable tearing is actually longer than the static ∆ae of the R-
curve for an equal fracture surface area.  However, the study of Liu et al. (2005) did 
not actually develop the characteristic R-curve for a specific thickness of material, and 
no explanation was given on the specific criteria for the onset and arrest of tearing.   
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2.7.4. Troshchenko model (CA tearing in steels at very low temperature) 
An empirical model has been developed by Troshchenko and co-workers 
(Troshchenko, 2003, 2009; Troshchenko and Pokrovskii, 1980, 1983a, 1983b, 2003a, 
2003b; Troshchenko et al., 1978, 1079, 1980a, 1980b, 1982, 1985, 1987, 1988, 1992, 
1994), for stable tearing jumps that occurred in various structural steels, such as 
15Kh2MFA (Cr-Mo-V), 15Kh2NMFA (Ni-Cr-Mo-V), 15G2AFDps (Cr-Mn-V), which 
are often used in the boilers and pressure vessels of nuclear reactors and the 
compressor blades of marine gas turbines.  The specimen thickness was varied from 
7.5 to 150 mm, while the testing temperatures were in the ranges from 77 to 623 K.  
The Troshchenko model is based on the assumption that cyclic loading causes the 
material at the crack tip to weaken, and thus decreases its fracture toughness 
(Troshchenko and Pokrovskii, 2003b; Troshchenko et al., 1978).  The typical crack 
growth curve at 183 K is shown in Figure 10, which clearly can be distinguished by the 
present of eight tearing jumps, where the final jump leads to final unstable fracture. 
The experimental methods were laborious, and thereby extensive empirical 
results were reported.  Therefore, only several noteworthy experimental findings are 
mentioned as follows: 
(i) The tearing jump occurs at K2D(ai) < KIc, whereby both stress intensity 
factors were determined under similar conditions (Troshchenko, 2009).  
Troshchenko and Pokrovskii (1983a) noted that aluminium alloys can be 
categorised as cyclically stable materials, which implies that its K2D(ai) is 
approximately equal to KIc; 
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Figure 10. The fatigue crack growth curve for Cr-Mo-V steel at 183 K (Troshchenko et 
al., 1980a).  The solid line represents slow fatigue cracking, the vertical dash line 
corresponds to tearing jumps and 1 to 8 indicates serial numbers of the tearing jumps.  
The empty and full circles represent the fatigue crack growth in Region II and III (as in 
Figure 3), respectively. 
 
(ii) Stable tearing can take place even in the threshold region (region I as in 
Figure 3) of fatigue crack growth rate curve, which corresponds to a crack 
growth of just 1 mm in about 10
7
 cycles (Troshchenko et al., 1985); 
(iii) The tearing crack jump length Δa is usually larger than the theoretical 
plastic zone size at the start of tearing and the tearing arrest occurs in the 
undamaged material ahead of the crack tip.  This implies that the extent of 
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each tear may be controlled by the size of the damaged zone (generated by 
the previous cycle) at the tip of the crack front (Troshchenko et al., 1982); 
(iv) The tearing crack jump length Δa increases with an increase in crack 
length, which implies that an increment of tearing jump can be associated 
with an increase in the stress intensity factor (Troshchenko et al., 1980a); 
(v) The occurrence of stable tearing in these particular steels is controlled by 
various factors: (i) the critical stress intensity factors at the onset of the first 
and the final tearing jumps, denoted as K2D(ai) and K2D(af) respectively; (ii) 
the tearing crack jump length Δa; (iii) the interval number of load cycles 
prior to the tearing jump Δn; and (iv) the fatigue crack growth increment 
prior to the tearing jump Δc (Troshchenko et al., 1992); 
(vi) The crack growth rate curve in between the two tearing jumps follows the 
stable crack growth rate curve (region II) prior to the first onset of a tearing 
jump, as illustrated in Figure 11 (Troshchenko et al., 1980a).  Figure 11 
also denotes that the crack growth rate in between tearing jumps can be 
described by the Paris equation, namely similar values of C and the 
exponent m can be used to describe the crack growth behaviour. 
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Figure 11. The fatigue crack growth rate curve for Cr-Mo-V steel at 183 
◦
K 
(Troshchenko et al., 1980a).  In region III, the empty circles represent the crack growth 
rate curve with jumps, while the full circles correspond to crack growth rate curve 
without jumps. 
 
Troshchenko et al. (1982) proposed an empirical relationship between the cyclic 
stress intensity factor K2D(ai) with the number of loading cycles interspersed in 
between two successive tearing jumps ∆n as 
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  eaKRn )(1 i2D   (13) 
where R is the load ratio, and χ and e are material‟s constants.  It has been shown that 
Eq. (13) is independent of initial crack length ai, thickness of the specimen t and the 
stress intensity factor at pre-cracking.  This implies that as the serial number of tearing 
jump increases, the ∆n decreases.  A similar trend is also reported by Yasnii (1981) for 
other steels.   
The increase in tearing jump length ∆a has been associated with an increase in 
the plastic zone size (Troshchenko et al., 1978) and the nominal stress intensity factor 
K2D(ai) (Yasnii, 1981), and thus ∆a can be approximated by the following correlation 
(for cyclically softening steels) (Troshchenko and Pokrovskii, 1983a): 
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where σp
c
 is the cyclic proportionality limit, determined experimentally from the stress-
strain curves.  Some scatter was observed, and the reason put forward was that tearing 
jumps at the beginning of stable tearing did not extend to the full thickness of the 
specimen (Troshchenko and Pokrovskii, 1983b).  Other empirical relationships have 
been proposed in the literature (Kitsunai, 1986; Troshchenko et al., 1987, 1982; Yasnii 
et al., 1983), all of which are based on trends observed in test results.  It should be 
understood that none of the formulae can claim a physical background, which implies 
that their engineering significance is limited to the type of material and loading 
conditions.  It is also noteworthy that the empirical verification of this model shows 
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that the model allows prediction of fatigue-tearing growth up to the final unstable 
fracture. 
 
2.7.5. Summary of literature review 
The face of the fatigue fracture surface in a range of structural metals that were 
used in aircraft components, sometimes exhibits stable tearing bands, visible as dull 
crescent- or tongue-shaped regions in contrast to the “bright” background fatigue 
surface.  Such tearing is commonly visible at the central cross-section of the 
component while the crack fronts that appear on the free surface are lagging behind.  
After a quick burst of crack jumping, the crack growth reverts back to being fatigue-
driven, with the more usual slow fatigue crack growth pattern, which occurs mainly at 
the unfractured ligaments.  The occurrence of stable tearing is wide-ranging, namely it 
occurs in many engineering materials and structures, being exposed to a range of 
loading conditions.  It has also been established that stable tearing may occur during 
fatigue crack growth under either CA or VA fatigue cycles. 
Stable tearing under CA and VA fatigue cycles usually occurs in region III and 
II, respectively, of the double log plot of fatigue crack growth rates da/dN versus the 
stress intensity factor range ΔK.  The critical conditions for the onset of CA and VA 
tears are equivalent, but this critical condition (Kmax  KIc ) is achieved through two 
differing means, namely by having longer crack length in CA fatigue, while in VA 
fatigue the onset is mainly due to the overload.  Stable tearing crack growth mainly 
complicates the fracture surface analysis during fatigue failure investigation and during 
crack growth reconstitution for providing physical validity of prediction models.  The 
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development of crack growth prediction models usually neglects the occurrence of 
stable tearing, and hence a stable tearing crack growth model is not included in the 
existing fatigue crack growth prediction models.  Moreover, in the absence of a valid 
stable tearing crack growth model for predicting the extent of crack jump, quantitative 
fractography demands extensive effort to devise ways to match up tears to the loads 
present in the load history. 
This literature survey indicates that stable tearing mostly occurs in materials of 
intermediate thickness.  Stable tearing crack growth in a very thick specimen is not 
quite stable, as a slight increase in Kmax can cause the final unstable fracture.  This 
implies that the crack growth life after the first onset of tearing in a relatively thick 
specimen is very short, and as a consequence, the engineering application of a stable 
tearing prediction model in this range of thicknesses is very limited.  Experimental 
evidence in several studies has suggested that the occurrence of stable tearing in 
material of thin and intermediate thicknesses under CA conditions can be associated 
with the transition of a fatigue crack from a tensile mode (flat fracture surface) to the 
shear mode (slant fracture surface), in which the crack front becomes more curved 
during the process.   
The arrest of tearing have been associated with other mechanisms that occur in 
the surrounding material, such as retardation by residual compressive stress caused by 
the overload at the mid-thickness region, the restraining effect of uncracked ligaments 
at the edges and an increase in the length of the crack front (especially in a CA fatigue 
condition).  It should also be noted that, since the tearing under VA conditions occurs 
as a result of an overload, other fracture retardation mechanisms are also possible such 
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as crack deflection, strain hardening, plastic blunting/re-sharpening, depending on the 
types of material, except for plasticity-induced crack closure. 
A number of theoretical analyses for stable tearing have been put forward.  A 
notable weakness of these theoretical analyses is that they are not provided with 
sufficient experimental validation.  The Sih (1981) and Bolotin (1999a) proposals 
would have been more interesting if the authors had recommended any experimental 
technique for engineering practical purposes.  The foundation of Ivanova‟s similarity 
theory has been devastatingly critiqued, despite the fact that her approach is supported 
by some experimental results.  The proposed experimental technique is however 
complicated and time-consuming, whilst its empirical formulae involve a range of 
parameters.  Similar criticisms can also be deduced to the experimental approach and 
empirical formulae that are proposed by Margolin and Shvetsova (1991) for their 
critical brittle failure stress approach.  These theoretical analyses, however, have 
highlighted several aspects of stable tearing prediction and these parameters that may 
be useful in order to develop a more generic analytical stable tearing model.  
Several empirical models for analysing stable tearing crack growth have been 
proposed.  The Troshchenko model is the most comprehensive but its application is 
limited to steels at very low temperatures, in which the onset of tearing jump occurs at 
K2D(ai) < KIc (both K values are determined under similar conditions).  In aluminium 
alloys, these empirical models establish that the first onset of stable tearing under 
either CA or VA fatigue loading occurs when the Kmax of the ΔK cycle equals the 
material‟s plane strain fracture toughness KIc.  It should be noted that these aluminium 
alloys are mainly in the intermediate range of thickness.  For a very thick aluminium 
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alloy, the Kmax must be slightly lower than KIc, in order to produce a thin strip of quasi-
stable tearing. 
A comment should be made on the validity of using the stress intensity factor K 
to characterise the condition for the onset of tearing.  Experimental evidence has 
shown that the crack front shape at the initiation of the first stable tearing is usually 
fairly straight.  As such the use of K to describe the severity of stresses at the vicinity 
of the crack front is valid, whereby the straightness of the crack front can be assessed 
according to conditions given in ASTM E 399 (2009).  The cracking condition at 
stable tearing arrest, however, is more complicated due to significant curvature of the 
crack front; indeed the curvature is clearly one of the possible contributors to the arrest 
of the tearing.   
Noting this, both the Schijve (Vlasveld and Schijve, 1979, 1980) and Forsyth 
(Forsyth, 1976, 1978; Bowen and Forsyth, 1981) models proposed that the effective K 
must be reduced, and the extent of K-reduction depends on several characteristic 
dimensions, which need to be measured from the fracture surface.  Therefore, these 
models provide support as post-failure analysis tools, especially in identifying the 
loading cycle that caused the stable tearing (Byrnes et al., 2000).  However, these 
existing models do not make it possible to predict the stable tearing jump length in 
terms of the material‟s fracture properties and the applied loads.  
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Chapter 3. Experimental Testing 
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This chapter describes used experimental methods to study the parameters 
controlling the onset of stable tearing, and factors that affect the size of tearing in 
aircraft 7075 aluminium alloy compact tension (CT) specimens.  In view of the 
uncertainties about the parameters for CA and VA tearing, comparative tests are 
conducted.  Multiple stable tearing bands are produced under CA and VA fatigue 
conditions, whereby the VA tearing is achieved by inserting overloads into a 
background of CA fatigue.  The resistance curve for this particular material and 
thickness is determined according to the standard test method, by using specimen of 
identical design and dimension to the fatigue tests.   
 
3.1. Material 
Aluminium alloys are widely used in aircraft structures due to their strength 
(Dorward and Pritchett, 1988; Immarigeon et al., 1995; Starke Jr. and Staley, 1996; 
Heinz et al., 2000) and have been the primary material for aero-structure components 
since the 1930s (Froes, 1989; Hoff, 1985; Jakab, 1999; Paul and Pratt, 2004; Williams 
and Starke Jr., 2003).  The aluminium alloy 7075-T651 was used in this study to 
represent the 7XXX series, which is commonly used in aircraft structures such as 
stringers and spars (Starke Jr. and Staley, 1996; Williams and Starke Jr., 2003).  This 
alloy is known for its strength, but very poor resistance to corrosion (Dorward and 
Pritchett, 1988; Starke Jr. and Staley, 1996).  Typical static mechanical properties in 
the rolling direction (at room temperature) and the alloy‟s chemical composition 
(Dowling, 2007) are shown in Table 3.  It should be noted that although the thickness 
of the material used in this study can be categorised as being intermediate, the value 
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KIc in Table 3 is still valid, as supported by the empirical results of Weitzmann and 
Finnie (1972). 
 
Table 3. Typical mechanical properties and chemical composition of 7075-T651 
aluminium alloy (Dowling, 2007). 
σY (MPa) σU (MPa) εf (%)  KIc (MPa√m) 
505 570 11 29 
    
Principal alloying element Zn Cu Cr Mg 
Typical % by weight 5.6 1.6 0.23 2.5 
 
3.2. Specimen design 
The CT configuration, shown in Figure 12, was adopted for three main reasons: 
(i) economical of materials (Kaufman, 1970; Anderson, 2005), (ii) standardised 
configuration (and thus a K-solution is readily available) (Schijve, 2009) and (iii) 
proven ability to replicate CA and VA tearing (Bathias and Vancon, 1978; Byrnes et 
al., 2000).  Schijve (2009) stated two other advantages of the CT specimen: it is 
comparatively small in size and only a relatively low load is required to generate a 
high K-value.  The latter advantage is very important especially in replicating CA 
tearing, which has been shown to occur in the high Kmax region (region III) in fatigue 
crack growth rates plot.  Schijve (1998) noted that a drawback of this configuration 
could be related to the effect of bending moment during an opening of the crack, which 
generally does not occur in real structures.   
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The specimens were designed according to ASTM E 651 (2009), so that 
identical specimen of identical dimensions could be used for both tearing replication 
and R-curve development.  The specimens had an average width W of 40.00  0.05 
mm and thickness t of 6.50  0.01 mm, as shown in Figure 12.  The width W was 
measured from the plane of the centre of the loading hole to the specimen edge, and 
the average thickness of the specimens was measured at three spots in the plane of the 
notch between the notch tip and the specimen edge.   
 
 
Figure 12.  Engineering drawing of the used compact tension (CT) specimen in the 
current work.  It should be noted that the crack length a and width of the specimen W 
are measured from the centerline of the loading holes. 
 
The crack plane orientation for all specimen was longitudinal-transverse (L-T), 
namely the direction of the applied load was parallel to the rolling direction.  Chevron 
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notch is usually used to cause fatigue crack to initiate at the middle thickness of the 
specimen, in order to achieve acceptable degree of straightness of fatigue crack front at 
the end of fatigue pre-cracking procedure.  However, a straight through-crack starter 
notch is used for all specimens because it is simpler and can produce fatigue crack that 
conforms to the necessary requirement (May, 1970). 
 
3.3.  General experimental procedure 
All tests were carried out at an ambient temperature of 22 ± 1 ºC, on a 100 kN 
capacity servo-hydraulic fatigue machine (MTS 810 Material Test System).  The 
maximum capacity of the load cell was adjusted to 20 kN, in order to increase the 
accuracy of load application.  The fatigue machine was controlled by the program 
TestStar
TM
 IIs (Model 793.00, Version 3.5c) developed by MTS Pty. Limited.  Fatigue 
pre-cracking was carried out because most of the notch machining techniques (such as 
wire-cut, which was used in this work) would not be able to simulate the recommended 
sharpness of the root radius (0.08 mm) (ASTM E 651, 2009).  Fatigue pre-cracking 
was done with a series of very low CA fatigue cycles (0.2 – 2.0 kN) up to a certain 
crack length ai. 
At the start of each test (after fatigue pre-cracking was done), the axial load was 
steadily increased at a rate of 0.05 kN per second, from zero to the minimum load in 
the fatigue loading cycle Pmin.  From thereon, a sinusoidal fatigue loading was applied 
which would oscillate between the Pmin and the maximum load in the fatigue cycle 
Pmax.  The crack length was measured by surface observations (on one side of the 
specimen) using a travelling-stage microscope with a maximum magnifying power of 
30 times.  This crack measurement technique, however, has the drawback, of it being 
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difficult to measure the crack length at the very beginning of crack growth because the 
crack tip is often obscured by the plastic deformation at the free surface (ASTM E 647, 
2009).  This problem was reduced by polishing an appropriate area on the specimen 
surface, in which the crack was expected to grow and by using indirect lighting from a 
desk lamp. 
 
3.3.1. CA fatigue test 
Testing with CA loading was conducted to generate stable tearing under CA 
fatigue conditions in order to investigate its characteristics and determine the main 
parameters that control the onset and arrest of tearing.  A total of six CT specimens 
(denoted as CA1 to CA6) were tested.  Table 4 shows the applied cyclic loads.  The 
CA fatigue cycle was defined as having constant Pmin and Pmax, constant ∆P and hence 
increasing ∆K, as shown in Figure 13a. 
 
Table 4.  Details of specimens loading for CA fatigue tests. 
Specimen CA1 CA2 CA3 CA4 CA5 CA6 
Pmin (kN) 0.2 0.3 0.4 0.5 1.2 0.4 
Pmax (kN) 2.0 3.0 4.0 5.0 4.0 4.0 
Cycles/s 5 10 10 10 10 5 
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Figure 13. The sinusoidal fatigue cycles: (a) constant amplitude (CA) and (b) variable 
amplitude (VA).  Shaded regions indicate constant amplitude. 
 
3.3.2. VA fatigue test 
Testing with VA loading was conducted to generate stable tearing under VA 
fatigue in order to investigate its characteristics and determine the main parameters 
that control the onset and arrest of tearing.  A total of 32 CT specimens (designated as 
VA1 to VA32) were used for this test.  The specimens were loaded with CA fatigue up 
to an initial crack length ai as measured on the surface of the specimen.  One or more 
high loads (overloads) POL of various levels were applied.  The specimens were then 
subjected to CA fatigue to failure, using the same level of ΔP as was used prior to the 
application of overload.  The VA fatigue condition is schematically illustrated in 
Figure 13b and details of specimen loading are listed in Table 5 to 7. 
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Table 5.  Details of specimens loading for VA fatigue tests (background cycle of ΔP = 
1.8 kN, R = 0.1, cycles/s = 5). 
Specimen ai (mm) POL (kN) Specimen ai (mm) POL (kN) 
VA1 20.4 3.00 VA10 20.0 4.54 
VA2 20.4 3.50 VA11 24.9 3.00 
VA3 20.3 4.00 VA12 20.5 4.50 
VA4 18.9 4.00 VA13 20.1 4.68 
VA5 20.4 5.00 VA14 20.7 4.50 
VA6 20.4 3.75 VA15 20.3 4.75 
VA7 24.6 2.71 VA16 20.6 4.65 
VA8 20.4 4.00 VA17 22.5 4.00 
VA9 22.6 3.50 VA18 20.5 4.99 
 
Table 6. Details of specimen loading for VA fatigue tests (background cycle of ΔP = 
2.25 kN, R = 0.1, cycles/s = 5). 
Specimen ai (mm) POL (kN) Specimen ai (mm) POL (kN) 
VA19 14.0 6.50 VA25 20.6 4.79 
VA20 20.3 4.25 VA26 20.4 4.90 
VA21 20.3 4.36 VA27 20.5 4.86 
VA22 20.4 4.51 VA28 20.3 4.95 
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Specimen ai (mm) POL (kN) Specimen ai (mm) POL (kN) 
VA23 20.3 4.65 VA29 20.4 5.00 
VA24 20.0 4.93    
 
Table 7. Details of specimen loading for VA fatigue tests (background cycle of 
increasing ΔP, R = 0.1, cycles/s = 5). 
Specimen VA30 VA31 VA32 
Pmin (kN) 0.3 0.35 0.4 
Pmax (kN) 3.0 3.5 4.0 
POL (kN) 4.99 4.99 5.01 
 
The application POL in some specimens was done at a random initial crack length 
ai, in order to investigate the minimum K-value that was required to produce a 
substantial macroscopic tearing jump.  This critical K-value was then compared to the 
results from the CA tests.  Some specimens were specifically loaded with CA fatigue 
up to an ai of about 20 mm, which was followed by an application of overloads of 
various levels.  The load ratio R for all VA tests was set at 0.1.  It should be noted that 
in the VA test, some specimens failed during an application of POL.  For example, 
specimens VA3, VA7 and VA10 failed at overloads, while specimens VA4 and VA5 
failed during the finishing phase of CA fatigue. 
The sequence effect of prior fatigue loading in the formation of stable tearing 
was minimised by ensuring the CA background fatigue was sufficiently low.  This was 
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achieved by maintaining the ΔK at the end of the first block of CA background fatigue 
within the range of 7 MPa√m to 10 MPa√m and the terminal value of Kmax for all 
specimens in between 27% to 37% of the estimated KIc, in compliance with the 
requirements of ASTM E 399 (2009). 
It should also be noted that Chanani and Mays (1977) found that the effect of 
crack closure for this particular aluminium alloy and thickness was very minimal and 
therefore could be assumed to be negligible, even after the application of an overload.  
An interesting experiment has been conducted by Nicoletto (1989) to study the plastic 
deformation at the crack tip in 5 mm thickness, 7075-T6 aluminium alloy using moire 
interferometry.  This method captures the fringe patterns on the side of specimen, 
which deform during loading.  He concluded that the plasticity-induced crack closure 
only had a minor effect on crack growth retardation.  These results are not surprising 
because Suresh (1983) concluded that the plasticity-induced crack closure is not a 
primary mechanism for retardation in a single overload VA sequence, and supported 
this assertion with empirical evidence from various materials (Lindley and Richards, 
1974; Mills and Hertzberg, 1975; Brown and Weertman, 1978). 
 
3.3.3. KR curve test 
Testing was conducted to develop the stress intensity factor resistance curve or 
KR curve.  This test was carried out according to ASTM E 561 (2009), which stipulated 
procedures for determining the resistance to fracture for metallic materials that exhibit 
ductile crack extension.  The main difference between this standard and that for 
determining fracture toughness (ASTM E 399, 2009) is that it does not provide a 
minimum limit to specimen thickness (rather the thickness of the specimen can be the 
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actual thickness used in service), although its application is still limited to cases where 
the plastic zone size is negligible in comparison to the in-plane dimensions of the 
specimen. 
A total of four CT specimens were used to develop the KR curve.  These 
specimens were fatigue pre-cracked up to the initial crack length ai of 11.6 mm, 14.7 
mm, 15.8 mm and 20.1 mm, respectively.  The static loading of the specimen was done 
in displacement control, which had the advantage of allowing the determination of the 
KR curve entirely up to the Kplat.  The crack size measurement was done by direct 
measurement of crack size and carried out using travelling binocular microscope.  The 
practice of dripping a droplet of recorder ink to indicate the progression marking of the 
crack tip had been superseded since it was found that the aqueous stain could adversely 
affect the fracture response of some metals (Hertzberg, 1996).  The crack length ap was 
measured periodically (a change in crack length of about 1 to 2 mm) for evaluation of 
K-values.  Each measurement of crack length ap was carried out after the crack had 
stabilised.  
 
3.4. Fracture surface examination and measurement 
The literature review in Chapter 2 indicated that there are various macroscopic 
parameters that may affect the occurrence of stable tearing.  In aluminium alloys, it 
was experimentally established that the main controlling parameters are the crack front 
line length l (Forsyth and Ryder, 1961; Forsyth, 1976, 1978, 1983; Bowen and 
Forsyth, 1977, 1978, 1981; Forsyth and Bowen, 1981) and the unfractured ligament 
(Vlasveld and Schijve, 1979, 1980).  The theoretical analysis of stable tearing based on 
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the energy methods (Sih, 1981; Ivanova, 1982b) suggested that the area of tearing 
could also be a controlling parameter.   
The macroscopic characteristics of the tearing were viewed and measured at high 
magnification using a digital microscope (Brand: CAM DIG Microscope USB) with a 
magnification between 20 to 400 times.  Typical macrographs of fracture surfaces 
exhibiting multiple bands of CA and VA tearing are shown in Figure 14, which 
displays the fracture surfaces of one side of the specimen and the crack growth 
direction is from left to right.  The stable tearing area was also analysed using a 
scanning electron microscope (SEM).   
 
 
Figure 14. Examples of macrographs of fracture surfaces as captured by a digital 
microscope for: (a) CA tearing (specimen CA4), and (b) VA tearing (specimen VA20). 
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The analysis of the stable tearing shape was performed by importing key 
dimensions from macrographs of the fracture surfaces into AutoCAD, a computer-
aided design program.  The sequence of processes is shown in Figure 15.  This was 
particularly useful because in some cases, especially under CA load cycles, there was 
little contrast between the macroscopic appearances of the tearing and fatigue areas.  A 
similar technique was used to analyse the stable tearing area of various fractographs of 
various aluminium alloys from the literature.  
 
 
Figure 15. Examination and measurement of tearing parameters (specimen VA25).  (a) 
Macrograph of fracture surface (one side only); (b) sketch of tearing surfaces; and (c) 
determination of crack length. 
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3.5. Determination of stress intensity factor K 
The stress intensity factor at the initiation of stable tearing was determined by 
using the theoretical closed-form K solution for the CT specimen (Strawley, 1976) as 
given by Eq. (15): 
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where P = applied load, t = specimen thickness, a = crack length, W = specimen width 
and 

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f  is the non-dimensional function defined in Eq. (16). 
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Eq. (15) was derived based on a one-dimensional analysis of the crack front, which 
implicitly assumes that the crack front is straight, and is valid for 
W
a
 ≥ 0.35.  It should 
also be noted that all data in this study satisfied this condition.  
All of the crack fronts at the initiation of stable tearing, for example as shown in 
Figure 14, were in compliance with the requirements outlined by ASTM E 399 (2009), 
and the K-value at initiation of each stable tear was determined by substituting the 
initial crack length ai and overload POL into Eq. (15).  The construction of the KR curve 
involved the determination of two stress intensity factors.  The K2D(ai) was determined 
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by substituting the crack length ai into Eq. (15), and then using this to determine the 
plastic zone size ry,R, given in Eq. (17).   
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In effect, Eq. (17) is the plastic zone correction factor, proposed by Irwin (1960), to 
account the effect of plastic strains on the crack tip.  The effective crack length ae was 
determined by adding the individual ap to its respective ry,R, to account for the 
significance of plastic deformation under plane stress conditions.  The KR was then 
calculated by substituting ae into Eq. (15), namely 
)( e2DR aKK   (18) 
The stress intensity factor KR was then plotted against the crack length ap and the 
change in effective crack length Δae, defined as ae - ao.  ao is the crack length at the 
end of fatigue pre-cracking procedure.   
The thickness of the specimen was less than that required for a fully-developed 
plane strain condition, but it has been established that plane strain conditions can still 
exist at the mid-thickness region even in a very thin specimen (Janssen et al., 2006, 
Steigerwald and Hanna, 1962, Schwalbe, 1979, Banerjee, 1981, Schwalbe and Setz, 
1981).  Due to extensive curvature of the crack front at stable tearing arrest, the K-
values were estimated using the finite element (FE) method. 
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3.6. Definition of areal and width ratios 
Significant curvature of the crack fronts complicated the measurement of the 
tearing area.  To simplify this task, the stable tearing crack jump length Δa was defined 
to represent the difference between the measured crack length (at the specimen centre) 
at stable tearing arrest and onset, as shown in Figure 16a.  Macroscopic examination of 
the stable tearing which was produced in this study under VA fatigue revealed that the 
tearing often featured an apparently straight crack front at both the tearing onset and 
the central portion of tearing arrest.  To simplify the analysis of stable tearing, a 
generalised model was proposed to represent the stable tearing crack front as a 
trapezoidal shape, as illustrated in Figure 16a.   
The trapezoidal front at the tearing arrest was defined such that the area enclosed 
by the trapezoidal front and the straight line x = ai was equal to the area enclosed by 
the actual crack front and the straight line x = ai, as indicated in Figure 16a.  This equal 
area condition could be expressed mathematically as  
a
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 (19) 
where z = Z(x) denoted the actual stable tearing crack front and Ac was defined as in 
Figure 16b.  The dotted straight line at the initiation of tearing connects the crack 
length at both surfaces of the specimen, while the dotted straight line at tearing arrest 
overlaps the most advanced tip of the crack front.  The dotted straight line at tearing 
arrest is always perpendicular to the surface of the specimen, but this is not necessarily 
the case for the dotted straight line at tearing onset.  The areal ratio was defined as  
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Al was defined as the ligament areas as shown in Figure 16b.  Eq. (20) furnished the 
required relationship for determining the crack front width b, provided that the actual 
crack front was known.  If the area of tearing can be represented as a trapezium (to be 
discussed later) as illustrated in Figure 16a, and the total area (Ac + Al) in the 
denominator can be approximated as a rectangle of area at  ,  
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Eq. (22) defines the width ratio of stable tearing.  The areal ratio was determined by 
measuring the tearing fracture surface, and then used to determine the width ratio. 
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Figure 16. Simplification of stable tearing shape: (a) The definitions and geometric 
properties of stable tearing areas; and (b) definition of areas. 
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Chapter 4. Results of Experimental Testing 
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4.3. Theoretical validation of the small-scale yielding conditions 
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The results of the experimental testing are presented in this chapter.  A total of 
56 tears are produced from this study and various parameters of these tears are 
quantified.   
 
4.1. Various tearing parameters measured from this study 
Tables 8 to 11 show the various measured parameters for each tearing produced 
under conditions specified in Tables 4 to 7, respectively.  The tear bands on the 
fracture surface of each specimen were numbered according to the sequence of 
occurrence; thus an individual tear might be CA1
1
, where CA1 was the specimen and 
superscript 1 was the first tear band on that specimen.  The final tear, which continued 
to final unstable fracture, was marked as superscript F, for example CA1
F
 for specimen 
CA1.  Some of the specimens from VA tests failed at the application of POL, such as 
VA13 and VA16, and were also listed for reference purposes.  It should be noted that 
the K2D(ai) at the moment of failure ranged from 30 to 37 MPa√m, for VA7 and VA24, 
respectively.  There were 14 CA tears and 42 VA tears generated in this study.  Figure 
17 shows examples of fatigue fracture surfaces of specimens which were loaded with 
single POL at ai of about 20 mm.  The significance of this observation is discussed in 
Chapter 5. 
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Table 8. Details of measured parameters for CA tests. 
Tear no. Δa (mm) 
l (mm) K2D(ai)  
(MPa√m) lc
c
AA
A

 
t
b
 
l(ai) l(ai + Δa) 
CA1
1
 0.6 7.3 7.8 35.4 0.66 0.32 
CA1
2
 0.8 7.7 8.6 39.9 0.62 0.24 
CA1
F
 - 8.6 - 51.5 - - 
CA2
1
 0.2 1.2 1.3 36.5 - - 
CA2
2
 0.3 6.8 7.1 38.1 - - 
CA2
3
 0.2 7.3 7.6 40.5 0.60 0.20 
CA2
4
 0.7 7.5 8.4 43.1 0.63 0.26 
CA2
5
 1.0 8.5 9.2 50.7 0.59 0.18 
CA2
F
 - 9.2 - 60.6 - - 
CA3
1
 0.8 7.0 7.9 35.9 - - 
CA3
2
 0.7 8.3 9.2 40.6 0.64 0.28 
CA3
F
 - 8.9 - 44.6 - - 
CA4
1
 0.6 6.9 7.5 36.4 - - 
CA4
2
 0.6 7.0 7.7 39.5 - - 
CA4
3
 0.9 8.7 9.6 43.3 0.64 0.28 
CA4
F
 - 9.4 - 50.1 - - 
CA5
1
 0.8 7.5 8.2 34.7 0.61 0.22 
CA5
2
 0.4 8.1 8.6 37.9 0.65 0.30 
CA5
3
 2.0 8.1 9.8 41.9 0.61 0.22 
CA5
F
 - 9.2 - 52.0 - - 
CA6
1
 0.3 7.6 8.1 35.9 0.68 0.36 
CA6
2
 0.4 7.9 8.2 37.9 0.66 0.32 
CA6
3
 0.6 8.2 9.0 40.6 0.64 0.28 
CA6
4
 1.3 8.8 10.0 43.9 0.66 0.32 
CA6
F
 - 10.0 - 53.3 - - 
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Table 9.  Details of measured parameters for VA tests (background cycle of ΔP = 1.8 
kN, R = 0.1, cycles/s = 5). 
Tear no. Δa (mm) 
l (mm) K2D(ai)  
(MPa√m) lc
c
AA
A

 
t
b
 
l (ai) l (ai + Δa) 
VA1
1
 0 6.8 6.8 22.9 - - 
VA1
2
 0 6.8 6.8 24.4 - - 
VA1
3
 0 6.8 6.8 26.5 - - 
VA1
4
 0 6.7 6.7 27.0 - - 
VA1
5
 0.2 6.7 6.9 29.0 0.59 0.18 
VA1
6
 1.3 6.8 8.0 33.9 0.65 0.30 
VA1
7
 3.0 6.9 10.0 44.0 0.64 0.28 
VA1
F
 - 9.1 - 68.0 - - 
VA2
1
 0 6.8 6.8 26.7 - - 
VA2
2
 0.1 7.0 7.0 29.1 0.62 0. 24 
VA2
3
 0.3 7.0 7.3 31.8 0.62 0.24 
VA2
4
 0.2 7.2 7.5 34.4 0.61 0.22 
VA2
5
 0.9 7.5 8.5 38.2 0.65 0.30 
VA2
6
 1.7 8.0 10.2 43.5 0.64 0.28 
VA2
F
 - 9.0 - 53.8 - - 
VA3
1
 0.4 6.8 7.0 30.3 0.65 0.30 
VA3
2
 1.8 6.6 8.4 33.1 0.70 0.40 
VA3
3
 2.0 7.2 9.7 39.2 0.67 0.34 
VA3
F
 - 9.6 - 50.8 - - 
VA4
1
 0.1 4.7 4.8 27.4 - - 
VA4
2
 0.2 6.6 6.7 29.7 - - 
VA4
3
 0.2 7.3 7.4 31.1 - - 
VA4
4
 1.3 6.8 8.0 33.8 0.63 0.26 
VA4
5
 1.5 7.6 9.0 39.4 0.60 0.20 
VA4
6
 0.6 7.7 8.3 37.6 0.64 0.28 
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Tear no. Δa (mm) l (mm) K2D(ai)  
(MPa√m) lc
c
AA
A

 
t
b
 
  l (ai) l (ai + Δa) 
VA4
7
 0.4 8.2 8.5 41.6  0.28 
VA4
F
 - 8.4 - 46.1 - - 
VA5
1
 2.4 6.9 10.0 38.2 0.64 0.28 
VA5
2
 0.7 7.1 7.8 35.5 0.68 0.36 
VA5
3
 0.9 7.6 8.7 43.4 0.64 0.28 
VA5
F
 - 8.7 - 54.7 - - 
VA6
1
 0.5 6.7 6.8 30.2 0.60 0.20 
VA6
2
 1.1 6.7 7.7 33.6 0.66 0.32 
VA7 - 6.6 - 30.2 - - 
VA8
1
 1.1 6.6 7.3 30.6 0.68 0.36 
VA9
1
 1.2 6.7 7.0 32.3 0.66 0.32 
VA10 - 6.6 - 33.8 - - 
VA11
1
 3.2 6.7 10.4 34.6 0.67 0.34 
VA12
1
 1.9 6.7 7.9 34.7 0.67 0.34 
VA13 - 6.6 - 35.0 - - 
VA14
1
 1.5 6.7 7.7 35.3 0.65 0.30 
VA14
2
 1.5 7.0 7.7 37.1 0.59 0.18 
VA15
1
 2.5 6.6 8.7 36.1 0.65 0.30 
VA16 - 6.6 - 36.3 - - 
VA17
1
 2.9 6.6 9.4 36.6 0.67 0.34 
VA18
1
 4.2 6.6 11.8 37.1 0.65 0.30 
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Table 10. Details of measured parameters for VA tests (background cycle of ΔP = 2.25 
kN, R = 0.1, cycles/s = 5). 
Tear no. Δa (mm) 
l (mm) K2D(ai) 
(MPa√m) lc
c
AA
A

 
t
b
 
l (ai) l (ai + Δa) 
VA19
1
 2.0 6.6 8.7 32.0 - - 
VA20
1
 0.9 6.7 7.2 32.3 0.65 0.30 
VA20
2
 1.7 6.7 7.5 35.2 0.67 0.34 
VA21
1
 0.5 6.7 6.9 33.1 0.70 0.40 
VA22
1
 2.0 6.7 8.2 34.7 0.70 0.40 
VA23
1
 1.3 6.7 7.7 35.3 0.69 0.38 
VA24 - 6.6 - 36.6 - - 
VA25
1
 3.0 6.5 9.1 37.3 0.64 0.28 
VA26
1
 2.0 6.7 8.2 37.4 0.65 0.30 
VA27
1
 3.5 6.6 11.5 37.6 0.65 0.30 
VA28
1
 2.8 6.6 9.0 37.6 0.62 0.24 
VA29
1
 3.3 6.6 9.6 38.2 0.63 0.26 
 
 
Table 11. Details of measured parameters for VA fatigue tests (background cycle of 
increasing ΔP, R = 0.1, cycles/s = 5) 
Tear no. Δa (mm) 
l (mm) K2D(ai) 
(MPa√m) lc
c
AA
A

 
t
b
 
l (ai) l (ai + Δa) 
VA30
1
 2.7 6.6 9.1 38.3 0.68 0.36 
VA31
1
 2.2 6.8 8.4 38.4 0.62 0.24 
VA32
1
 3.5 6.8 10.2 39.5 0.65 0.30 
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Figure 17. Some of the macrographs showing fracture surfaces of VA tearing with a 
POL applied at ai = 20 mm. 
 
4.2. Resistance curve 
The typical plot of effective stress intensity factor KR versus initial crack length 
ap for four specimens is shown in Figure 18a, whilst the plot of KR versus effective 
crack length Δae is shown in Figure 18b.  The data points of KR versus Δae can be 
represented by a power equation as follows 
  514.0eR 89.42 aK   (23) 
The empirical function has a very strong positive correlation with R
2
 approximately 
equals to unity.    
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Figure 18. The resistance curve of 6.5 mm thick 7075 aluminium alloy CT specimens, 
(a) typical plot of KR against initial ap; and (b) plot of KR against Δae. 
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4.3. Theoretical validation of small-scale yielding conditions 
The theoretical plastic zone size due to each overload was small in comparison 
with the distance from the crack to any free surface edges of the specimen, to ensure 
that linear-elastic fracture mechanics (LEFM) were applicable in this study.  The 
small-scale yielding conditions were checked according to several requirements.  In 
particular, the remaining uncracked ligament (W – a) must be greater than 
2
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(ASTM E 399, 2009).  Figure 19 shows that all of the tearing data comply with this 
requirement. 
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Figure 19.  Validation of small-scale yielding for tearing data according to the 
ligament length requirement of ASTM E 399 (2009), (a) CA tearing and (b) VA 
tearing.  The last number for each specimen is superscript as in Table 8 – 11. 
 
The small-scale yielding condition has also been checked according to the 
requirement of ASTM E 561 (2009), which states that the size of the remaining 
uncracked ligament (W – a) must be greater or equal to eight plastic zone sizes.  The 
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plastic zone size is calculated according to Eq. (17) by substituting a = ai + Δa for all 
tearing data and K2D(a) is determined by Eq. (15) with P = POL.  Figure 20 shows that 
most of the CA and VA tearing data comply with the small-scale yielding conditions 
according to the ASTM E 561 (2009).  There are five tearing data that do not comply 
with this requirement, and these tearing are the final tear in a given specimen that 
occurs prior to the final unstable separation.  
 
 
Figure 20. Validation of small-scale yielding for CA and VA tearing data according to 
the ligament length requirement of ASTM E 561 (2009). 
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This chapter evaluates the significance of various measured tearing parameters, 
and assesses the effectiveness of the existing empirical models (Forsyth, Schijve and 
KR curve models).  These analyses provide some insight into the influence of the stress 
intensity factor K on CA and VA tearing crack jump length Δa.  The CA and VA 
tearing crack jump length Δa are compared to the theoretical plastic zone size and the 
static resistance curve plot is compared with the stable tearing crack jump length Δa.  
Multiple stable tears generated in this study and experimental data from the literature 
are then used to develop a new predictive model, which idealises the shape of tearing 
and incorporates some of the key parameters of stable tearing.  The new predictive 
model is supported by a combination of experimental testing and computational 
simulation.  It relates the stress intensity factor parameters at the onset of stable tearing 
and arrest to the stable tearing crack jump length and the curved geometry of the crack 
front.  This chapter ends with comparisons between the model‟s predictions and the 
experimental results, which show excellent agreement. 
 
5.1. Some observations and measurements of stable tearing characteristics 
5.1.1. Macroscopic ranges 
The macroscopic examination and measurement of both CA and VA tears in this 
study show that the geometry of tearing varies significantly in a continuously-varying 
range, covering three broad geometrical types.  Type I and Type II are usually 
observed under CA fatigue and VA fatigue, respectively, whilst Type III can be 
observed under both loading conditions. 
93 
 
Type I is tearing which has crack front line length l less than the thickness of the 
specimen t such as shown in Figure 14a (specimen CA4) and also has been observed 
on the fracture surface of specimen CA2.  This tearing is usually fully contained in the 
central section of the specimen, and is typical of the pop-in crack growth, seen during 
fracture toughness tests, such as reported by Logsdon (1976).  In certain steels, 
Pearson (1968) observed that these localised tears accumulated and merged together, 
first in the central region and finally appearing on the side of the specimen after nearly 
100 CA fatigue cycles.   
Troshchenko and Pokrovskii (1983b) suggest that the accuracy of their 
prediction model can be reduced by the presence of this type of tearing, while the 
Forsyth model, which is fundamentally based on the observation that l  t, is 
inapplicable.  As noted by Vlasveld and Schijve (1980), Eq. (7) in particular is only 
applicable for l  t.  This centrally localised tearing has been suggested to occur for 
reasons that include sporadic distribution of the main alloying elements (Vlasveld and 
Schijve, 1980), local inhomogeneity of the material and asymmetrical loading 
(Forsyth, 1978), the presence of micro-defects (Hertzberg, 1996) or the through-
thickness constraint (Ab Rahman et al., 2010a). 
Type II tearing stretches all through the thickness of the specimen, but has a 
slight crack jump length Δa and has been observed on the fracture surface of 
specimens VA1, VA2 and VA4.  As a result, tearing of this type usually has l longer 
than the specimen thickness t, but can be observed as a single, relatively thin dark line 
on the fatigue fracture surface.  This makes it difficult to differentiate this tearing from 
other progression marks on fatigue surfaces, and therefore inappropriate, if the two 
conditions are only differentiated by the degree of plastic deformation. This type of 
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tearing is usually observed under VA fatigue conditions, and hence is analogous to the 
macro-band observed by Hertzberg (1996), which resulted from variation in the 
applied stress intensity factor.  The Forsyth model can be used to estimate the K, but 
the Schijve model is not meant for this type of tearing, as the model is only useful if 
Δa is significantly greater than zero. 
Type III tearing features an l larger than t and has significant Δa. and has been 
observed on the fracture surface of all specimens.  This tearing is readily noticeable 
and usually appears as crescent- or tongue-shaped bands (Forsyth and Ryder, 1961).  
Both Forsyth and Schijve models are developed based on this tearing type and 
therefore are applicable to this type of tearing.  It should also be noted that the type I 
and II tears do not have significant effect on the overall fatigue crack growth life, and 
therefore the crack growth rate is still governed by the Paris relationship (Paris region 
in Figure 3).  For this reason, the application of a stable tearing prediction model will 
become redundant.  
 
5.1.2. Microscopic characteristics 
It has been established in section 2.5 that the occurrence of stable tearing in 
material of intermediate thicknesses under CA conditions can be associated with the 
transition of a fatigue crack from a tensile mode (flat fracture surface) to the shear 
mode (slant fracture surface), in which the crack front becomes more curved during the 
process.  Macroscopically, these fracture conditions means that tearing produced under 
CA fatigue involves formation of shear lips on the specimen CA1, as illustrated in 
Figure 21.   
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Figure 21.  Transition of fatigue-tearing crack growth under CA fatigue appears to be 
associated with transformation from flat to slant fracture surface (specimen CA1). 
 
Examination of the fracture surfaces of the specimens tested in this study showed 
that the occurrence of VA tearing does not involve a notable change in crack plane, 
however, detailed examination of the VA tearing surfaces revealed that each tear 
appears to form on different steps, as shown in Figure 22 of specimen VA3; the 
difference in height between plane T1 and T3 in Figure 22 is about 1.36 mm.  A 
similar observation has been observed in some steels, such as by Rungta et al. (1985) 
(as shown in Figure 23) and Stepanenko et al. (1984).   
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Figure 22.  Surface analysis by three-dimensional microscope shows apparent steps in 
VA tearing (specimen VA3).  The first tearing (marked as T1) is formed on a different 
plane than T2 and T3 (on one side of the specimen).  The difference in height between 
the plane T1 and T3 is measured at 1.36 mm.  The crack grows from left to right and 
the dashed line approximates the centreline. 
 
The change in crack plane in VA tearing has been associated with crack 
branching, which usually occurs during an overload (Suresh, 1983).  The crack appears 
at an angle on the free surface, which indicates that the cracking mechanism of stable 
tearing in VA conditions is similar to the CA conditions.  This implies that the crack 
jumps at the mid-thickness region (in plane strain), while in the regions close to the 
free surface, cracking occurs on a slanted plane (in plane stress).  In CA conditions, the 
crack continues to grow on the slanted plane because the subsequent fatigue cycles 
have relatively high ΔK, but in VA sequences, the crack on the surface has to realign 
and grow on the flat plane because of the lower subsequent ΔK.  This latter cracking 
mechanism contributes to the retardation of fatigue crack growth following an 
overload (Fleck, 1985).  It should be noted that crack branching is one of the 
mechanisms that causes crack growth retardation.  It was pointed out in section 2.4 that 
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other retardation mechanisms are also possible such as crack tip blunting and an 
increase in crack front line length, though none of these mechanisms can be regarded 
as a primary contributor to crack retardations. 
It should also be noted that the fatigue crack growth period, after the first 
occurrence of stable tearing in CA conditions, is not considerable in comparison to the 
overall fatigue crack growth life, as shown in Figure 21.  As discussed in 2.7.4 of this 
thesis, it can be expected that the subsequent tearing and fatigue crack growth will also 
occur in quick succession, which then leads to the final separation of the specimen.      
The absence of shear lips in VA tearing may also contribute to the lower first 
onset stress intensity factor K2D(ai) compared to CA tearing.  This will be discussed in 
section 5.1.5.  According to Krafft et al. (1961), a larger plastic zone (or deformation) 
by virtue of shear deformation at the edge of the specimen increases the resistance of 
material to fracture, potentially explaining the higher K2D(ai) value which is observed 
for CA tearing compared to that for the tearing produced under VA conditions. 
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Figure 23.  The cross section of a steel railroad head in (b), along a diagonal line in (a) 
shows each tear was produced on different planes (Vander Voort, 1992). 
 
SEM images of the fracture surfaces of fatigue and stable tearing crack growths 
on specimen VA30 are shown in Figure 24 to Figure 27.  These images are taken from 
the central region of fracture surfaces.  Figure 24 shows the boundary between the 
fatigue and tearing.  It reveals that at microscopic level, the actual crack front is 
tortuous, as reported in the literature (Forsyth, 1978).  Fatigue striations can be 
observed at high magnification (Figure 24b) on the fatigue crack growth area, but at 
higher magnification it can be shown that the striation spacing is not always 
perpendicular to the direction of crack growth, but its direction is mainly influenced by 
(a) 
(b) 
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the secondary inter-metallic particles, as shown in Figure 25.  This observation is 
supported by Xue et al. (2007), who suggested that the initiation of fatigue damage in 
this alloy occurs at the inclusion made of iron-rich inter-metallic particles. 
 
 
 
Figure 24.  SEM images of fatigue to tearing crack growth transition (specimen VA15) 
at different levels of magnification, (a) 326 x and (b) 1302 x.  The crack growth 
direction is from left to right. 
(a) 
Fatigue area Tearing area 
(b) Voids by intermetallic particles 
Fatigue area Tearing area 
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Figure 25.  Striation features as observed in fatigue crack growth area (specimen 
VA15).  The crack growth direction is from left to right. 
 
There are three types of second-phase particles that are present in this type of 
aluminium alloy; the largest of these particles are the secondary inter-metallic phases 
of iron (Fe) and silicon (Si) (Bucci et al., 1980).  Achon et al. (1996) observed that 
these coarse particles are randomly distributed and resulted in higher strength of 7075 
aluminium alloy in comparison to 7475 alloy.  Their presence is readily seen on a 
fracture surface and appeared as craters or holes, as shown in Figure 24 and Figure 26.  
In addition to these secondary phase particles, the tearing surface is dominated 
by river patterns running parallel to the crack growth direction, which are typical of 
cleavage fracture (Anderson, 2005).  The initiation of cleavage is caused by a sharp 
microcrack provided by the secondary phase particles (Cottrell, 1958; Anderson, 
2005).  This result is not surprising as it has been discussed in section 2.1, that stable 
tearing fracture surface can be predominated either by cleavage- or ductile-like 
101 
 
fracture.  Drar (1995) has shown that it is possible for metals to have mixed fracture 
mechanisms, whereby interparticle void coalescence (ductile fracture) and 
transgranular cleavage occur on the same fracture surface.  It has been indicated in 
section 3.1, that the 7075 alloys are the lack in terms of ductility, and therefore the 
cleavage fracture can be expected to predominate the tearing surface.   
Figure 26 shows that the fatigue crack growth area subsequent to tearing appears 
to be smooth.  This striationless feature has been associated with the roughness-
induced crack closure that contributes to the retardation of crack growth (Suresh, 
1983).  This view is rather controversial, as other researchers such as Shih and Wei 
(1974) have suggested this feature is evidence of plasticity-induced crack closure.  The 
present author believes that both of these explanations are practically sensible, but 
depending on property of materials, one mechanism may be more pronounced in some 
alloys, but may not be in others.   
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Figure 26.  SEM images of tearing to fatigue crack growth transition (specimen VA15) 
at different levels of magnification, (a) 332 x and (b) 1330 x.  The crack growth 
direction is from left to right. 
 
Another notable feature of stable tearing surface, as observed in this study,  is the 
presence of multiple secondary cracks, which are parallel to the crack growth 
direction.  These cracks can also be observed on the CA tearing surface near the final 
(a) 
Fatigue area Tearing area 
Striationless area 
(b) 
Fatigue area Tearing area 
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unstable fracture.  Vlasveld and Schijve (1979) suggested that these cracks are resulted 
from plastic deformation, and the crack can be seen even after the specimen fails.  It is 
noted in Figure 27b that these cracks appear at both side of tearing area, and therefore 
can be associated with the crack branching, which is created during the application of 
an overload.  It has been established in section 5.1.2 that an application of overload 
causes the crack near the surface to deviate from the crack plane, and this crack occurs 
on the slanted plane.  This crack should join the stable tearing crack jump, which 
occurs on the flat plane at the mid-thickness region, as schematically shown in Figure 
28b.  However, as the fatigue crack growth during the subsequent fatigue cycles tries 
to revert back to the flat crack plane by growing on the unfractured ligaments (Figure 
28c), no further crack can occur on the slanted plane.  Therefore, this dormant crack 
should appear as multiple discontinuous cracks on the stable tearing surface. 
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Figure 27. Secondary cracks, parallel to the crack growth direction on both sides of the 
tearing surface (specimen VA15) (a) 333 x and (b) 41 x.  The crack growth direction is 
from left to right. 
(a) 
(b) 
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Cluster of 
secondary 
cracks 
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Figure 28.  The formation of secondary cracks on a stable tearing area. (a) at initial 
stage of the overload; (b) the overload reaches the critical condition, and tearing starts 
to extend at the mid-thickness region, while the crack deflects at an angle at the free 
surface; and (c) the overload is removed and fatigue crack growth ensues on the 
unfractured ligaments, and the crack on the slanted plane becomes dormant.   
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5.1.3. Crack front line length 
The Forsyth model depends on the 
l
a
 ratio, which suggests that this ratio is 
approximately constant (as in Eq. (4)) at both onset and arrest of tearing, while the 
ratio at tearing onset is slightly higher than at tearing arrest.  An empirical result also 
suggests that the value of 
l
a
 at onset can be associated with KIc (Forsyth, 1976).  
Figure 29 shows the relationship between the 
l
a
 ratios at onset and arrest for tears 
produced under CA and VA fatigue conditions in this study.  The plot indicates that 
the 
l
a
 ratios are not strictly constant for either onset or arrest of tearing, and that this 
is valid for both CA and VA fatigue conditions.  It should be noted that the Forsyth 
model has been derived based on the measurement of multiple stable tearing crack 
growth on a single specimen.  Therefore, the 
l
a
 ratio of a tear is directly influenced 
by the previous tear, and therefore it can be concluded that the constant 
l
a
 ratio can 
only be achieved for tears from the same specimen, as shown by Bowen and Forsyth 
(1981).   
In addition, Figure 29 shows that the ratio of 
l
a
 at onset is higher than that at 
arrest in most of the tearing, especially the CA tearing, and therefore agrees with the 
results of Forsyth (1978).  In contrast, some of the VA tearing produces equivalent 
l
a
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ratio at onset and arrest.  The equality of onset and arrest 
l
a
 ratios is, as might be 
expected, usually occurred during the early phase of tearing formation on each 
specimen, where the extend of tear appears as insignificant and visually appears as an 
extended form of the localised deformation at the crack tip associated with overload. 
 
 
Figure 29.  Plot of 
l
a
 at arrest against 
l
a
 at onset.  The solid and dotted lines are the 
line of best fit for CA and VA tears, respectively, and the dashed line is the line of 
equal relation (Y = X).  
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Figure 29 also shows that all points lay on, or to one side of equal 
l
a
, and the 
onset of tearing displays a slightly higher 
l
a
 ratio.  Figure 29 substantiates the general 
linearity of 
l
a
, suggested in the Forsyth model for CA tearing as shown by the solid 
line, but not for the VA tearing data.  Table 12 shows that the standard deviation for 
VA tearing is higher in comparison to the CA tearing.  The farthermost outliers are all 
associated with tearing under VA conditions, and these outliers are also associated 
with a large value of Δa.  The complexity of these large tears (under VA tearing) 
causes difficulty in applying the Forsyth model for prediction of stable tearing jump 
length, which will be discussed in section 6.1.    
 
Table 12.  Average relative error and standard deviation of CA and VA tearing data. 
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 Average 
relative error 
Standard 
deviation 
Average 
relative error 
Standard 
deviation 
CA 7.2 2.7 1.1 3.2 
VA 13.5 10.5 4.9 5.8 
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The results of this study suggest that the constancy of 
l
a
 as proposed by 
Forsyth in Eq. (4) cannot be considered as strictly correct, at least not for VA tearing in 
7075 aluminium alloy.  In CA conditions, however, while the ratio of 
l
a
 at onset of 
tearing has a tendency to be higher than at tearing arrest, as proposed by Forsyth in Eq. 
(5), the differences are relatively small, with most 
)( i
i
aal
aa

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data lying apparently 
between 85% and 100% of 
)( i
i
al
a
 confirming the potential effectiveness of the Forsyth 
model as a useful engineering tool in representing fracture surface tearing.   
Figure 30 shows the results in term of 
l
K
 ratios.  The plot of 
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i
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
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versus 
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i
i2D
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aK
, suggests that 
)(
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i
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 is up to 10% higher than 
)(
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i
i2D
aal
aaK


.  The 
scatter of data points again imply that the linear relationship of the onset and arrest 
l
K
 
ratios can be assumed for the purposes of engineering representation of stable tearing 
behaviour on fracture surfaces: 
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i
i2D
i
i2D
al
aK
aal
aaK



 (24) 
This result also implies that K2D(ai) is not always equal to KIc, as macroscopic 
examination of the fracture surface often suggests that )( ial  is slightly curved, which 
infers that )( ial  > t. 
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In summary, the results further substantiate Forsyth‟s proposition that crack front 
line length l can effectively be used to correction to the stress intensity factor, 
calculated based on the maximum crack length.  The stronger correlation can be 
observed for CA data points rather than the VA data points.  These results also 
emphasise a couple of difficulties with this empirical model.  Firstly, the use of a 
maximum crack length in K calculation is clearly invalid, since it represents a notional 
stress intensity factor value while the real value should be affected by the crack front 
curvature.  Secondly, the models revolve around visual measurements from fracture 
surfaces, which the information available from that inspection could be used more 
effectively in an alternative and more detailed analysis.  The assumption made by 
Forsyth (Forsyth, 1976, 1978; Bowen and Forsyth, 1981) and Schijve (Vlasveld and 
Schijve, 1979, 1980) that K2D(ai) = KIc at initiation of tearing will be discussed further 
in section 5.1.5. 
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Figure 30.  Plot of 
l
K2D  at arrest versus 
l
K2D  at onset.  The solid and dotted lines are 
the line of best fit for CA and VA tears, respectively, and the dashed line is the line of 
equal relation (Y = X). 
 
5.1.4. Crack front curvature 
It has been established in section 2.5 that the crack front curvature results from 
the interaction effect between the plane strain and plane stress regions, are more 
pronounced in materials of intermediate thickness.  The tearing can lead to a 
substantially curved crack front, which also means an increase in the crack front 
length, namely l(ai + Δa) > t.  Forsyth (1976, 1978) associated this change with a 
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return to “normal” fatigue crack growth, while Vlasveld and Schijve (1979, 1980) 
proposed a corrected K-value, based on fracture mechanics principles, to account for 
the effect of the trailing ligaments of the uncracked material.  These ligaments, at both 
sides of a tear, hinder further crack advance, progressively, as the front tunnels ahead, 
until the increased resistance to advance prevents further tearing and causes the return 
to fatigue crack growth.  Therefore, it can be concluded that both models are proposed 
based on similar foundation, namely the effect of crack front curvature on the stable 
tearing phenomenon. 
 It is also important to note that all of the stress intensity factors used in section 
5.1.3 relate to the maximum crack length, which often occurs in the middle thickness 
of the specimen.  In fact, both models for tearing (Forsyth and Schijve) have been 
developed based on the maximum crack length.  At its simplest, and as acknowledged 
by the Schijve model, large tears (extensive crack jump length Δa) possess more acute 
crack front curvatures, which result in considerable portions of the crack front lagging 
behind – effectively providing the ligaments central to the Schijve model.  On the other 
hand, Forsyth (1976, 1978) employed a relatively simpler approximation, proposing 
that the additional crack front line length could be linked to the K, as indicated by Eq. 
(7) and in Figure 7.  This means that the stress intensity factor values used in the 
previous section (and by Forsyth), based on an assumption of no curvature, are only 
“notional” and a more detailed analysis of the true stress intensity factor at the mid-
thickness point would lead to lower values of stress intensity factor, as will be 
discussed in section 5.4.2.2.  The Schijve model acknowledges this, and attempts the 
correction using ligaments, while Forsyth uses crack line length as an empirical 
correction. 
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Therefore, while in early tearing, with relatively straight crack fronts, the 
“notional” maximum stress intensity factor can be assumed to represent the true stress 
intensity factor, this parameter may grossly overestimate the true stress intensity factor 
when significant crack front curvature is present.  The determination of the actual K-
value for a curved crack front is still not well established.  Several attempts have been 
reported in the literature, but are limited to either a slightly curved crack front (Kuna, 
1982; Burton et al., 1984; Yamamoto et al., 1987; Wu, 2006), usually resulted from 
fatigue pre-cracking procedure or an elliptical crack front (Shen and Guo, 2005; Zhang 
and Guo, 2007; Yu et al., 2008).  Liu et al. (2005) proposed a more detailed analysis 
for the true stress intensity factor at various points along the curved crack front at 
tearing arrest using finite element analysis, and it seems clear that appropriate 
adjustments to the value of K may remove some of the anomalous behaviour observed 
in the results in the 
l
a
 and 
l
K
 plots, namely Figure 30 and Figure 31, respectively.  
An alternative approach is to use a resistance curve (R-curve) analysis, establishing a 
crack growth resistance curve for the specimens used in this study, and details of this 
are presented in section 5.1.7.   
 
5.1.5. Stress intensity factor 
The experimental results in this work establish that stable tearing can be 
produced under CA and VA fatigue, and allow a comparison of tearing onset under the 
two fatigue load regimes.  Figure 31a and b shows the values of stress intensity factor 
at the onset of tearing K2D(ai) for the first significant tear in each specimen.  Specimens 
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VA4 and VA5, which are being tested under VA loading but actually failed during the 
CA background loading part of the load history, are included and denoted as VA4
6
 and 
VA5
2
 respectively.  The results show that the K2D(ai) is not affected by the variation in 
Pmax and Pmin of the load cycles.  Higher Pmin in specimen CA5 and a lower cyclic 
frequency in CA6, as compared to specimen CA3 do not significantly affect the 
K2D(ai) values.  This implies that the occurrence of tearing is influenced by K2D(ai), the 
magnitude of the stress intensity factor.   
The K2D(ai) is affected by the type of loading.  The magnitude of K2D(ai) ranges 
from 35 to 38 MPa√m (average 36 ± 2 MPa√m) under CA, while the VA values vary 
from 29 to 32 MPa√m (average 30 ± 1 MPa√m excluding specimen VA5 – see later).  
So both load types, CA and VA, exhibit constant but different level of K2D(ai), 
indicating that these values represent some type of threshold K for tearing to occur 
under respective load cycle types. 
Figure 31b and c shows the relationship between K2D(ai) and Δa in the first 
significant tear occurrence in each specimen.  It shows that the size of Δa follows the 
same trend as the K2D(ai), namely a higher K2D(ai) will result in higher Δa; this is 
discussed in more detail below.  This result also supports the use of the stress intensity 
factor (in practice Kmax) to represent the tear-controlling stressing condition along the 
crack front in the early tearing.  However, as the tearing progresses and there is 
significant change in crack front shape, the amount of Δa starts to be sensitive to the 
type of load cycling. 
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Figure 31.  Effect of K2D(ai) and load cycle on Δa; (a) load range subjected to 
specimen; (b) the values of stress intensity factor at the onset of tearing; and (c) tearing 
size. 
 
The difference between CA and VA tearing can also be observed on the resultant 
Δa from the equivalent applied K2D(ai).  Figure 32 shows the effect of K2D(ai) on the 
size of Δa.  This shows that generally, and for similar K2D(ai) conditions, the VA 
provides larger values of Δa than the CA loading, the K2D(ai) at onset of VA tearing is 
lower than that required under CA condition and the size of Δa under VA sequences is 
markedly larger than that sustainable under CA.  This implies that the CA loading is 
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conferring some level of resistance to tearing.  An obvious question then, is how two 
loading arrangements, CA and VA, both of which reach the same peak load, can 
produce different crack advance?  It seems reasonable to conclude that either (a) 
tearing starts at the same peak load, but is then retarded by some effect related to the 
large ΔK cycles in the CA history, or (b) the tearing onset occurs before peak load in 
VA case, allowing the tearing crack jump length Δa to progress further as the load 
rises to its peak (Figure 33). 
 
  
Figure 32.  Effect of K2D(ai) on Δa. 
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Both representations amount to the same thing – the CA loading cycles 
immediately before tearing provide some resistance to tearing, relative to the “sudden 
overload” case of the VA test.  An example is specimen VA5 in Figure 31, where the 
first overload in VA happened to be at a high K and produced a large crack advance 
Δa.  This is thought to be a prime example of the situation described in Figure 33, 
where the tearing may have started well before peak load.  The effect appears similar 
to the effect observed by Clark (1979) and Jones and Brown Jr. (1970).  For example, 
Clark (1979) noted that CA cycling effectively elevated Kq values for steels in fracture 
toughness testing.  Indeed, this is why plane strain fracture toughness testing prohibits 
the use of high levels of prior fatigue loading (Brown and Srawley, 1966).  Possible 
explanations include cyclic hardening or softening of the material near the crack tip 
after the high levels of cyclic strain associated with the constant amplitude loading, 
crack tip blunting, or residual stress effects. 
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Figure 33.  A possible effect of types of load cycle on the start of tearing jump length 
Δa: (a) CA tearing, and (b) VA tearing. 
 
5.1.6. Plastic zone size 
The importance of plastic zone size in tearing formation has been emphasised by 
empirical evidences in several studies (Troshchenko and Pokrovskii, 1983a, 1983b; 
Troshchenko et al., 1978; Kitsunai, 1985, 1986).  The crack tip plastic zone is an 
enclosed volume around the crack tip, which prevents the stress singularity condition 
of linear elastic fracture mechanics.  Fracture modelling to accommodate the existence 
of this zone of plasticity leads to a crack appearing to be longer than its physical size 
would suggest (Broek, 1986), and for practical applications, the theoretical size of the 
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plastic zone is usually added to the measured crack length from the surface, as will be 
discussed in section 5.1.7.   
The two important aspects of the plastic zone are its size and shape.  The shape 
of the monotonic plastic zone (Mode I) at the tip of a through crack is shown in Figure 
34a.  The shape of the cyclic plastic zone has been proposed to be the same as the 
shape of the plane stress plastic zone; however, its size is smaller due to reversed 
plasticity (Schijve, 2009).  Schijve (2009) stated that the size of the plastic zone for 
plane stress and plane strain, as depicted in Figure 34b, can be estimated by Eq. (25) 
and Eq. (26) respectively. 
For plane stress, 
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For plane strain, 
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It should be noted that Ivanova (1982b) and Troshchenko (2009) modified Eq. (25) 
and Eq. (26), respectively, for estimating the stable tearing jump length Δa in their 
models.   
The depth of the shear lip D from the side of the component (indicated in Figure 
6), which deformed under plane stress, can also be estimated by Eq. (25) (Hertzberg, 
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1996).  Vlasveld and Schijve (1979, 1980) used this equation to estimate the size of the 
plastically-deformed ligament (in the thickness direction) on both sides of tearing.  
Although their works were on VA tearing, where the shear lip was absent, they showed 
that this ligament was crucial in lowering the effective stress intensity factor (namely 
the stress intensity factor that drives the mid-thickness and deepest part of the tear), 
and thus resisting the occurrence of unstable fracture.  The additional resistance to 
tearing in the plane stress region (after Krafft et al. (1961)) means that the tear does not 
advance easily near the surface, leaving a near-surface ligament, which retards that 
advance, despite tearing advancement in the central part. 
Figure 34b shows the plastic zone shape based on the von Mises yield criterion.  
Another method of estimating the shape of plastic zone is to use the Tresca yield 
criterion, which would result in a slightly larger size and different shape (Broek, 1986).  
Whilst Hertzberg (1996) used the shape of the crack tip plastic zone shown in Figure 
34b, other shapes have been proposed in the literature as discussed by Broek (1986).  
Notably, both Broek (1986) and Schijve (2009) agreed that the shape of the plastic 
zone as proposed by Tuba (1966), which fans away from the crack tip (in the direction 
of crack growth), gives the best estimate.  It should also be noted that Bathias and 
Vancon (1978) concluded VA tearing can be associated with the later plastic zone 
shape. 
121 
 
 
Figure 34.  The two main characteristics of the crack tip plastic zone: (a) the shape of 
the monotonic plastic zone for Mode I (tensile) crack growth at the tip of a through 
crack, based on von Mises yield criterion; and (b) the theoretical size of plane stress 
and plane strain plastic zones (adapted from Stephens et al. (2001)). 
  
Several plastic zone size equations have been proposed in the literature that 
relate to the extent of tearing jump in various metals.  These formulas were modified to 
arrive at satisfactory correlation with the trends observed in test results.  For instance, 
Ivanova (1982b) introduced a factor (denoted as ζ in Eq. (2)) that accounted for the 
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effect of ductility.  Troshchenko and Pokrovskii (2003b) used the cyclic 
proportionality limit (denoted as σp
c
 in Eq. (14)) and suggested that there was a 
systematic relationship between the CA tearing crack jump length and the size of 
plastic zone in steels, and according to them, the crack jump length Δa can be 
estimated by Eq. (14).  Other empirical evidence (Troshchenko and Pokrovskii, 1983a, 
1983b; Troshchenko et al., 1978; Kitsunai, 1985, 1986; Bolotin, 1999a) has also 
emphasised the apparent relationship between the plastic zone size and the tearing 
crack jump length ∆a.   
The experimental results presented in section 4.1 are used to examine the 
relationship between the theoretical size of the plastic zone and the Δa for this 
particular alloy.  It should be noted that previous empirical correlations between the Δa 
and the plastic zone size have been observed for CA tearing only.  This study enables 
comparison to be made between the CA and VA tears.  This analysis will also show 
whether the cessation of tearing occurs within the enclosed plastic zone that exists at 
the beginning of the tear or extends outside its theoretical size.  In effect – does the 
crack resisting plane-stress zone provide some limit on the extent to which the central 
part of tear will advance?   
The theoretical plastic zone size (at the initiation of tearing) is determined by 
Eqs. (2), (12), (14), (25) and (26), and the Δa data points are plotted as a function of ry 
in order to evaluate any equation that can best describe the tearing data for this 
particular material.  It is found that modification of Eq. (2) gives the best correlation 
with Δa, as illustrated in Figure 35.  The modified plastic zone size formula is obtained 
as 
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In Eq. (27), the terms max
RK  in the numerator and (ζ  Y) in the denominator of Eq. 
(2) are replaced by K2D(ai + Δa) and 
2
UY   , respectively.  It should be noted that 
the correction factor ζ in Eq. (2) can be assumed to be equal to 1 since the 7075 
aluminium alloy is known for its low toughness (lack of ductility).   
 
 
Figure 35.  The relationship between the plane stress plastic zone size at the onset of 
tearing and the tearing jump length. 
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Figure 35 suggests that relationship between the plastic zone size and the CA 
tearing length is more complex than the tearing length under VA conditions.  The non-
unique relationship between the plastic zone size and the Δa under CA condition does 
not support the results of Troshchenko and Pokrovskii (2003b).  On the other hand, the 
plot shows that in 7075 aluminium alloy, such a relationship may exist for VA tearing.  
It implies that the plastic zone size cannot be used directly to estimate Δa in 7075 
aluminium alloy.  Figure 35 suggests that the CA and VA tearing lengths increase as 
the size of the plastic zone increases.  In addition to that, the plot also implies that as 
the crack progresses, the VA tearing jump length will extend beyond the theoretical 
plastic zone size (ry  2 mm), namely the cessation of tearing occurs outside the 
original plastic zone enclaves.  This result is consistent with the observation that larger 
tearing is produced in VA rather than CA fatigue loading conditions, as reported in 
section 5.1.5.  On the other hand, the CA tearing arrest in these tests always occurs 
within the initial plane stress plastic zone region.  The reason for this smaller Δa may 
be associated with more opportunity in the CA case for developing a fracture-
resistance or tearing-resistant plastic zone during the prior fatigue loading cycles, 
which also supports the trend observed in section 5.1.5.  These conclusions, however, 
may only apply to the aluminium alloy 7075, as Hudson and Hardrath (1963) have 
shown that prior loading history could affect the size of subsequent tearing in 
aluminium alloy 2024-T4.  In addition to that, the cessation of tearing could also be 
related to the crack front line length, as Bowen and Forsyth (1977, 1978) found that (in 
7178-T6 aluminium alloy) an increase in 20% of crack front line length could cause a 
30% reduction in ΔK.  It seems likely, however, that crack front line length is more 
likely to be a consequence of the stress/strain and fracture conditions driving tearing.  
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5.1.7. Resistance curve 
Slight variation in the shape of the R-curve (as shown in Figure 18a), as the 
crack progresses can be due to the difference in the initial crack front shape (Petrak, 
1972) and the amount of crack deviation from the mid-plane (Cotterell, 1970).   ASTM 
E 561 (2009) recommends that that crack deviation is limited ± 10º from the machined 
notch.  A similar observation was reported by Schwalbe and Setz (1981), and they 
added that this characteristic was not observed in 2024-T3 or 7475-T761 aluminium 
alloys, which implied that this scatter could be due to the material property.  This is 
supported by the SEM images in Figure 24 and Figure 26, which show that the 
distributions of intermetallic particles are uneven.  Anderson (2005) stated that the KR 
versus ap plot for this particular thickness specifies the K-value at which ductile tearing 
commences.  The results of this study show that the K-value at which ductile tearing 
starts is approximately equivalent to the first onset stress intensity factor for VA 
tearing.  The tearing data from section 4.1 can be plotted onto the KR versus ∆ae plot 
by using a technique proposed by Liu et al. (2005).  The ry is determined by 
substituting K2D(ai) into Eq. (12) and a correction is used in this analysis to account the 
effect of crack front curvature (Liu et al., 2005).   
In this analysis, a simpler approach is used by multiplying the ∆a of stable 
tearing with the relative difference between the crack front line lengths at onset and 
arrest of each tear, namely 
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Similar to Liu et al. (2005), the change in effective crack length ∆ae of static tearing 
can be defined as 
ye     rCaa   (29) 
The K2D(ai +∆a) versus (∆a  C + ry) for CA and VA tears are plotted onto the KR 
versus ∆ae plot (R-curve for static case), as depicted in Figure 36.  It should be noted 
that this plot is obtained by multiplying each Δa with its corresponding C.  The result 
shows satisfactory agreement with the R-curve, except for VA tearing with large Δa, 
which deviates from the trend of R-curve as the crack progresses.  The small scatter is 
due to large differences between the crack front line length at arrest and onset.  There 
are also five data points (Δa  C + ry > 1.5 mm) that fall beyond the range of the R-
curve.  In fact, the static R-curve for the high range of Δa is unavailable because the 
data points violate the crack deviation requirement.   
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Figure 36.  The combined R-curve and scatter of tearing jump length.  The Δa values 
are corrected by individual C. 
 
An alternative approach is to use an average C, as proposed by Liu et al. (2005) 
to represent a generic correction factor for stable tearing occurrence in specific 
thickness.  With an average of about 0.13, a closer agreement can be achieved as 
illustrated in Figure 37.  Therefore, by utilising Eq. (23) and for C = 0.13, the tearing 
data can be approximated by the following relationship 
514.0
yi2D )(89.42)( rCaaaK   (30) 
Eq. (30) suggests that given both K2D(ai) and C, Δa can be estimated through some 
regression analysis.  It implies that the R-curve approach can be used to estimate the 
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∆a of both CA and VA tearing, as opposed to the results of Liu et al. (2005).  This 
approach, however, may have two limiting factors, namely the determination of the R-
curve and the use of correction factor C that can represent a range of thickness of a 
material.  It has been established that the R-curve is very dependent on the thickness of 
the material (Heyer and McCabe, 1972), and therefore estimation of ∆a is only 
possible on an R-curve of equivalent thickness. 
 
 
Figure 37.  The combined R-curve and scatter of tearing jump length.  The Δa values 
are corrected by an average C of 0.13.  
 
The C-value can only be determined from fracture surface measurement, but 
for engineering simplicity, it can be assumed to be constant, as proposed by Liu et al. 
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(2005) and further substantiated by this study (as shown in Figure 38).  Both of these 
limitations are further analysed by using empirical results of Vlasveld and Schijve 
(1979, 1980) for 6.35 mm and 12.7 mm thick aluminium alloy 7075 aluminium alloy.  
Eq. (30) has been rearranged to estimate the predicted ∆a, and the results are plotted in 
Figure 38, where C = 0.13 has been used for all thicknesses.  For the present results, 
the predicted ∆a and measured ∆a are in good agreement for small tears, and the 
predicted ∆a overestimates the measured ∆a as the tear size increases.  This deviation 
can be due to the limitation of R-curve, which has been developed according to LEFM 
conditions.  
Figure 38 also shows that the prediction ∆a is in good agreement with the 
measured ∆a for 6.35 mm thick specimen, but relatively poor correlation for thickness 
12.7 mm.  Besides the effect of thickness and the C, the scatters in these results can 
also be due to the fact that all of the data used in this comparative analysis have 
substantially large Δa, whilst the R-curve developed in this study does not include 
these high ranges of Δa as the static data already violates the LEFM conditions.   
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Figure 38.  Comparison between the model prediction by R-curve method and the 
measured Δa, for similar type of aluminium alloy but with different thicknesses, with 
C = 0.13.  The solid line is the line of equal relation and dashed lines indicate ± 1.0 
mm error. 
 
The overall results also show that both data points are distributed in such a way 
that their clusters are approximately parallel to the line of equal relation.  It implies 
that appropriate adjustments to the value of C for specific thickness may result in 
better correlation, as suggested by Liu et al. (2005).  In this particular case, an 
improved correlation can be observed if C = 0.10 and 0.05 are used for 6.35 mm and 
12.7 mm thick data points, respectively, and the results are shown in Figure 39.  The 
observed discrepancy between the measurements and model predictions may also be 
due to neglecting the thickness effect on the shape of the R-curve, but this effect can be 
compensated by proper adjustments of the C-value. 
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Figure 39.  Comparison between the model prediction by R-curve method and the 
measured Δa, for similar type of aluminium alloy but with different thicknesses, with 
specific C-value for each thickness.  The solid line is the line of equal relation and 
dashed lines indicate ± 1.0 mm error. 
 
Therefore, it can be concluded that the R-curve method is viable to predict the 
stable tearing jump length Δa, especially for relatively small Δa.  However, this 
technique is very dependent on the type of material, thickness of the specimen and to 
some extent the correction factor to account for the effect of crack front curvature C.  
Another noteworthy conclusion is that this result further substantiates the notion that 
there are some similarities of crack growth behaviour between the static and fatigue 
conditions, as reported in the literature (Schwalbe, 1979). 
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5.1.8. Evaluation of the existing predictive models 
In Chapter 2, it has been established that stable tearing is a very significant 
technical issue during the fatigue crack growth assessment of the post-failure analysis 
of fracture surfaces or quantitative fractography.  The ability to predict the tear 
behaviour in various aluminium alloys is presently limited to estimating the conditions 
for the first onset of stable tearing (Molent, 2010) and, more importantly, does not 
enable prediction of the jump in crack length.  Stable tearing is also not included in 
fatigue predictive models, and so the presence of significant tearing can greatly 
complicate the derivation of a crack growth history which can be matched to a crack 
growth model.  An ability to integrate the stable tearing model into overall fatigue life 
prediction models would therefore be a major advance in fatigue crack growth 
prediction capability and accuracy.   
Several theoretical models have been proposed for analysing stable tearing, but 
an important aspect to be recognised is that these theoretical formulations have not yet 
been developed to the point of being useful candidates for engineering analysis of 
fracture surfaces.  Another complication is that constants in these theoretical 
formulations depend on the type of material, and there is no standardised experimental 
method to determine these constants.  In addition to that, experimental techniques used 
by researchers have been rather complicated and time-consuming. 
For aluminium alloys, two notable empirical models have been proposed.  
Byrnes et al. (2000) examined the models of Forsyth and Schijve, using specimens 
with various thicknesses, and concluded that the model of Forsyth, which utilised the 
change in crack front length as the main controlling parameter at onset and arrest of 
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CA tearing, appeared to give reasonably good agreement with the experimental 
observations.  In relation to the Schijve model, they noted that it gave poorer 
agreement than the Forsyth model, and also highlighted the relative complexity of the 
Schijve approach, in which one particular issue was that the determination of variable 
α, namely the angle of the restraining ligament made to the specimen‟s side, in Eq. 
(10), is not a straight-forward procedure.  For simplification and greater accuracy, 
Vlasveld and Schijve (1979, 1980) had determined α based on the measurement of 
tearing on 12.7 mm thick specimens, and assumed this parameter to be a constant.  Ab 
Rahman et al. (2010b) reported that the α is not a constant and varies significantly for 
different tearing cases, which may explain the poorer correlation between the Schijve 
model prediction and the results of Byrnes et al. (2000). 
Although extensive research has been carried out on stable tearing, no single 
study exists which adequately covers the prediction of stable tearing jump length.  
Besides an attempt made by Liu et al. (2005), previous studies have not dealt with the 
simulation aspect of stable tearing.  However, much of the research up to now has been 
descriptive in nature, and qualitatively, it can be established that stable tearing has 
mainly occurred in material of intermediate thickness and therefore is more important 
in engineering practice.  This also implies that stable tearing in very thick or thin 
specimen lacks practical interest because they are either very unstable or involve 
plasticity, respectively. 
Extensive analyses have been conducted to understand stable tearing 
characteristics in steels.  The Troshchenko model, in particular, is shown to provide a 
good prediction of fatigue crack growth and stable tearing growth up to the final 
unstable failure.  The application of this model, however, is limited to thick steel being 
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tested at very low operating temperatures.  In this case, the similarity principle and the 
physical meaning of K can still be justified.  The application of the Troshchenko model 
in aluminium alloy is rather limited due to two main reasons: (i) the occurrence of 
stable tearing in aluminium alloys is often observed in intermediate thickness 
materials, and hence the application of the K criterion must be checked against the 
small-scale yielding conditions, as shown in section 4.3; and (ii) the critical K at the 
first onset of tearing in aluminium alloys is equivalent to the KIc, and although this 
condition is retained by the crack front in the mid-thickness region, the final unstable 
failure is prevented by material at near surface (in plane stress).  Several functions 
have been proposed to estimate Δa in steels, but these empirical equations are 
calibrated with experimental results, and hence their applications are rather limited.   
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5.2. New concept and parameters of stable tearing 
In development of this new model, the term stable tearing crack jump length Δa 
has been defined as the difference between the measured crack length (at the specimen 
centre) at stable tearing arrest and onset.  The stable tearing structural model (in Figure 
40) idealises the crack front at the arrest of stable tearing as two straight sections; (1) 
the central portion of the crack front that is perpendicular to the specimen surfaces, and 
(2) the inclined segments that separate the tearing area from the unbroken ligaments.   
With this model, the tearing arrest is assumed to occur when the stress intensity 
factor K at the central straight portion of the crack front is equal to the plane-strain 
fracture toughness KIc.  Arrest is associated with a condition where any further increase 
in jump length is resisted by the remaining ligaments near the specimen surface, and 
would result in a reduced K.  The trapezoidal shape of the tearing arrest front is 
characterised by two parameters, the crack jump length a  and the frontal width b.   
Determination of these two variables requires a unified fracture criterion that can 
account for the transition from plane stress to plane strain and the complex elastic-
plastic deformation of the unbroken ligaments.  Due to the lack of a validated, unified 
fracture criterion (to be discussed in section 6.3), here a semi-analytical model is 
proposed, consistent with a key observation, described below, concerning the tearing 
arrest crack front. 
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Figure 40.  A structural model for stable tearing in aluminium alloy indicating the 
fracture conditions of stable tearing onset and arrest. 
 
A detailed examination of the large number of experimental results obtained by 
various authors seems to indicate that the ratio between the area of stable tearing band 
Ac and the area of the unbroken ligament (indicated as Al in Figure 16b) is 
approximately constant.  Alternatively, the ratio of the stable tearing band Ac and the 
area Al bounded by x = ai and x = ai + ∆a, referring to Figure 16b, is close to constant.  
A summary of the areal ratio 
lc
c
AA
A

 calculated from the present investigation and a 
large number of experimental data reported in the literature is given in Table 13.   
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Table 13.  Detailed examination of stable tearing on various aluminium alloys. 
Material t (mm) No. of tears lc
c
AA
A

 
(average) 
t
b
  
(average) 
Source 
7075-T651 6.5 71 0.65 0.30 Present results 
7075-T6 
7075-T651 
7075-T7 
2024-T3 
10 
12.7 
12.7 
10 
4 
3 
2 
3 
0.68 
0.62 
0.61 
0.62 
0.36 
0.24 
0.22 
0.24 
Vlasveld and 
Schijve (1980)  
7050-T7451 
 
 
3 
6 
9 
7 
4 
3 
0.62 
0.63 
0.66 
0.24 
0.26 
0.32 
Liu et al. (2005)  
 
 
7178-T6 4.5 10 0.64 0.28 Forsyth (1976)  
2618 
2024 
10 
10 
3 
2 
0.65 
0.67 
0.30 
0.34 
Bathias and 
Vancon (1978)  
7075-T6 5 4 0.65 0.30 
Vardar and 
Yildirim (1990)  
7050-T7451 
6 
12 
12.5 
25 
6 
4 
4 
3 
0.65 
0.65 
0.68 
0.70 
0.30 
0.30 
0.36 
0.40 
Byrnes et al. 
(2000)  
Average   0.65 0.30  
 
Table 13 lists the areal and width ratios for a large number of stable tearing 
reported in the literature, for a range of thicknesses and aluminium alloys.  It also lists 
the average of these parameters from the present study.  The tears from the literature 
were produced under either CA or VA conditions.  As highlighted in the literature 
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review, most of the specimens‟ thickness can be categorised as intermediate, whereby 
substantial interactions between the plane strain and plane stress conditions can 
therefore be expected to occur during the formation of each tearing.  A very thin (3 
mm) and thick (25 mm) specimen was included for comparison purposes.  The tears in 
the thick material were produced on a single CT specimen, exposed to a constant-ΔK 
loading conditions (through load shedding) and each tear was produced at K2D(ai) of 
slightly less than the KIc.  It implies that tearing in thick specimens is less stable and 
does not conform to the critical conditions of K2D(ai) = KIc.       
It can be seen from the data presented in Table 13 that the areal ratio is 
approximately constant, namely, 
(average) 65.0
2lc
c 


 t
tb
AA
A
 (31) 
According to Eq. (31), this constant areal ratio is equivalent to a constant frontal width 
ratio 
t
b
, which has an overall average approximately equal to 0.30; individual values 
for 
t
b
 are also listed in Table 13.  The constancy of width ratio 
t
b
 indicates that the 
depth of plane stress penetration from the free surface is approximately constant, 
similar to the assumption used in the Schijve model (Vlasveld and Schijve, 1979, 
1980) to derive the slope factor associated with the plastically deformed ligament.  It is 
also important to note that the constant 
t
b
 ratio is mostly observed in aluminium 
alloys, which can be categorised as having intermediate thickness as listed in Table 13. 
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A comparison between the actual shapes of stable tearing and the proposed 
model is shown in Figure 41.  The three stable tears were produced under similar 
background fatigue loading of ΔP = 1.8 kN, but at increasing overloads POL, which are 
4.50 kN, 4.75 kN and 4.99 kN respectively.  The 
t
a
 ratios for these three stable tears 
are determined from the fracture surface to be equal to 0.23, 0.32 and 0.64 
respectively.  The shape of the proposed stable tearing model resembles very closely 
the actual geometry of the stable tearing crack front.  For these three stable tearing 
jump lengths, the frontal width ratio 
t
b
 is approximately the same and equal to 0.30.  
 
 
Figure 41.  Comparison between actual shapes of stable tearing and the model in FE 
analysis.  The crack grows from left to right. 
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5.3. Fracture conditions for the new model  
The fracture condition at onset of tearing has been discussed in section 5.2.  The 
onset of tearing is assumed to occur at the stress intensity factor value that is 
equivalent to fracture toughness of the material.  The fracture condition at the arrest of 
stable tearing can be expressed as: 
 , )( Ici3D KaaK   for 
t
b
z   (32) 
For the stable tearing crack model shown in Figure 40, the stress intensity factor at the 
straight portion of the crack front K3D(ai + Δa) depends on two non-dimensional 
parameters: 
t
a
 and 
t
b
, 
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where the functional relationship H can be determined using the finite element method.  
Details are presented in the next section.  
Along the inclined portion of the crack front, the stress intensity factor depends 
on the level of triaxial stress constraint parameter Tz, which is defined by (Guo, 1993), 
xxyy
zz
z



T  (34) 
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where σzz, σyy and σxx are the stress components in the coordinate system shown in 
Figure 42a and b.  Theoretically, the Tz is a function of specimen thickness, namely Tz 
= f(t), and is equivalent to the Poisson‟s ratio ν under plane strain conditions and equal 
to zero under plane stress conditions (Guo, 1993).  The Tz has been used extensively to 
describe the stress state for elliptical cracks (Shen and Guo, 2005; Zhang and Guo, 
2007; Yu et al., 2008), and is further employed by this study to characterise the stress 
state in stable tearing crack front curvature.  Due to the loss of the through-thickness 
constraint along the inclined segments, the Tz-value drops below the plane strain value.  
Hence the plane strain condition exists predominantly at the flat crack front of the 
stable tearing arrest.   
At the inclined section of the crack front at stable tearing arrest, the Tz should 
increase from zero at the free surface to Poisson‟s ratio ν at the centre of the specimen.  
Along the inclined segments, the critical stress intensity factor is dependent on the 
constraint, but a unified criterion is not available.  This new finding that the width ratio 
t
b
 is approximately constant for a range of component thickness, between 4 mm to 24 
mm, as presented in Table 13, forms the basis of a new semi-analytical predictive 
model for stable-tearing.  The functional relationship H in Eq. (33) can be determined, 
once for all conditions, using the FE method by varying the ratio of 
t
a
 while the 
width ratio 
t
b
 is kept constant.  It should also be noted that the idealisation of stable 
tearing shape into a trapezoid-like geometry also makes it easier to determine the K-
value at tearing arrest from the FE analysis.  As discussed in section 5.1.4, significant 
crack front curvature can be observed in large Δa.  Details of this investigation will be 
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described in section 5.4.  Alternatively, the proposed stable tearing model can be 
combined with the Forsyth and Schijve models to yield improved predictive 
algorithms, and this will be discussed in Chapter 6. 
 
 
Figure 42.  Definition of coordinates for (a) straight crack front and (b) model crack 
front; and (c) details of FE model and its mesh configuration. 
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5.4. Computational method for determining parametric relationship  
5.4.1. Finite element model  
To determine the functional relationship H in Eq. (33), a finite element model 
was created using Abaqus version 6.9 (2009).  In order to effectively model the effect 
of crack front curvature to the through thickness stress intensity factor, a three-
dimensional (3D) model was required.  The FE model was a CT specimen with 
thickness equal to the half-thickness of the actual specimen (t = 6.5 mm) and the 
initial-crack-length-to-specimen-width ratio 
W
ai
 of 0.5 (W = 40 mm).   
The solid model had a 3D modelling space, the type was deformable and its base 
feature was solid and extruded.  The rectangle drawing tool was used to draw a rough 
approximation of area of the CT model, while constraints and dimensions were used to 
refine the CT model according to the required size.  Two circles were drawn on the 
sketch of the CT model to represent the loading holes.  The vertical distance between 
the centre of the circle and the perimeter point was set to zero in order to achieve high-
quality mesh (Abaqus, 2009).  The sketch of CT model was then extruded to the depth 
of 3.25 mm (half-thickness).  
The material was assumed to be a homogeneous solid section with properties 
typical of a 7075 aluminium alloy, as shown in Table 3.  The FE model was subjected 
to monotonic loading, while the crack front was held stationary.  Loading was 
simulated by applying pressure on the upper and lower surfaces of the top and bottom 
of the loading holes, as shown in Figure 43.  The pressure was determined based of a 
uniform distribution of stress acting on the top and bottom areas of the loading holes 
(Flabel, 2005), given by the following, 
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tD
P

 OLholes loadingat  essurePr  (35) 
where POL is the applied overload, D is the diameter of the loading holes and t is the 
thickness.  Flabel (2005) noted that the actual stress function is more complex and 
indicated that the Eq. (35) is sufficient to represent the loading condition. 
 
 
Figure 43.  Loading and constraints of the solid model. 
  
Figure 43 also shows the constraints applied to the FE model.  Appropriate 
boundary condition was imposed to the plane of symmetry.  The bottom edge at the 
free end of the model was fixed from moving in the x- (U1 = 0) and y- (U2 = 0) 
directions, and rotating in the z-axis (UR3 = 0), where U is the displacement.  The top 
2
Face of symmetry 
plane
t
Pressure on top and 
bottom surfaces of top 
and bottom pin holes
Constraint, 
U1 = U2 = UR3 = 0
Constraint, 
U1 = UR3 = 0
Crack plane
y
z
x
145 
 
edge at the free end of the model was constraint from moving in the x-direction (U1 = 
0) and rotating in the z-axis (UR3 = 0).  The local coordinates for straight and stable 
tearing crack fronts are shown in Figure 42a and b, whilst some details of the FE 
model are shown in Figure 42c. 
The solid model was partitioned into 11 sections.  The edge of each partition was 
seeded, and the number of seeds was based on either, the desired element size in the 
partition that contained the crack tip, or on the minimum required number of elements, 
so as to control the total number of mesh elements in order to minimise the time 
needed for simulating the model.  The crack tip was enclosed within a small volume of 
high density mesh elements.  The size of the smallest cubic element h in the crack front 
volume for fully elastic condition was 0.075 mm, which was adequate to comply with 
the mesh requirement condition indicated by Lei (2008).  The mesh elements were 
represented by an 8-node linear brick (type C3D8R) with reduced integration and 
hourglass control.     
The ratio of the smallest element size to crack length 
a
h
 was 
800
3
, which is 
significantly finer than the ratio used by Liu et al. (2005) and Shi et al., (2010).  For 
example, Liu et al. (2005) used 
a
h
 = 
105
2
 for similar analyses.  There were 139,750 
elements for the mesh configuration used, as shown in Figure 42c.  The crack tip stress 
field was calculated using the extended finite element method (XFEM).  The crack was 
modelled as a shell element and then assembled together with the solid model.  The 
crack was assigned as an edge crack, and the XFEM Crack Growth was selected as an 
analysis procedure.   
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The main advantage of XFEM is that it allows alteration of the crack front 
profile without the need to change the mesh of the FE model (Abaqus, 2009), namely 
the mesh configuration is independent of the crack.  This method was established by 
Belytschko and Black (1999), who introduced enrichment functions to represent 
displacement jump across crack face and singularity.  The introduction of this 
computational technique is considered to be an important achievement in 
computational fracture mechanics (Abdelaziz and Hamouine, 2008) and is being 
applied in various engineering problems (Abdelaziz and Hamouine, 2008; Fries and 
Belytschko, 2010).      
The through-thickness three dimensional stress intensity factor K3D was 
determined by using the stress method, as described by Anderson (2005).  Paths were 
created from the coordinates along the crack front to the end of high density mesh 
volumes.  The stress component in the y-direction (S11) was used to determine the 
K3D, while the stress components in the x-, y-, and z-directions (denoted as S22, S11 
and S33 in Abaqus, respectively) were used to determine the Tz.  A similar method has 
also been used by Kwon and Sun (2000), who further noted that the advantage of this 
technique is that it is independent of through-thickness constraint conditions.  The K3D 
on the crack plane at every point along the crack tip is given the following expression, 
    π2 lim yy
0
3D rK
r


  at  = 0 (36) 
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The yy is the stress component normal to the crack plane; r is the distance from the 
crack tip in the x-direction; and  is defined as in Figure 42a.  The K3D was estimated 
by plotting r  π2yy  against r and extrapolating the curve to r = 0.  The small-scale 
yielding conditions are studied by using a similar model under elastic-plastic 
condition, and the numerical result for 
t
a
 = 0.64 is shown in Figure 44. 
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Figure 44.  The through-thickness maximum principal strain along the inclined crack 
front ((a) to (d)) and flat crack front ((e) and ((f)): (a) z = 3.25 mm, at free surface, (b) 
z = 2.60 mm, (c) z = 1.95 mm, (d) z = 1.30 mm, (e) z = 0.65 mm, (f) z = 0 mm, mid-
thickness, (g) legend, (h) physical observation of plastic deformation.  Size of element 
is 0.09 mm.  The crack grows from right to left. 
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Figure 44 shows that: 
(i) The computed shape of plastic strain (Figure 45a) is generally comparable 
to the shape of plastic zone as proposed by Tuba (1966) and also similar to 
the shape of plastic deformation on the side of specimen during overload 
(Figure 45h).  It can also be shown that the size of this deformation and the 
angle it made to the crack line (shown in Figure 45 as a horizontal line) are 
approximately equivalent. 
(ii) Figure 45a to d show the plastic strain along the inclined crack front.  The 
maximum distance of plastic strain in front of the crack tip (in the forward 
direction) is 3.0 mm and is less than Δa (= 4.2 mm).  This implies that the 
plastic strain is contained within the ligament area (or volume).   
(iii) Figure 45e and f show the plastic strain along the flat crack front.  The size 
of plastic strain is about 0.20 mm, which is slightly less than the plastic 
zone size determined based on the fully-elastic analysis, estimated at 0.28 
mm.   
In actual, high plastic strain at the free surface causes the crack to deviate.  The current 
application of XFEM is not yet able to simulate this condition (crack 
deflection/branching), while it is a formidable task to use contour integrals to model 
this condition in FE.  Another notable conclusion is that this result supports the use of 
K in stable tearing analyses (Vlasveld and Schijve, 1980; Bowen and Forsyth, 1981; 
Glinka et al., 1984) and in various fatigue crack growth retardation models following 
overloads, such as proposed by Wheeler, Willenborg and Elber (Schijve, 2009b). 
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5.4.2. Verification of finite element model  
5.4.2.1. Straight crack front  
To validate the FE model, computational analysis was carried out for the special 
case of a straight-front crack, with the results being compared against available 
solutions.  In this case, it is known that, due to the plane strain condition prevailing 
near the centre of the specimen, the stress intensity factor, denoted here by a subscript 
3D, is greater than the plane stress solution from two-dimensional analysis.  The ratio 
can be expressed in terms of the Poisson‟s ratio of the material (Kwon and Sun, 2000),  
2
2D
3D
1
1


K
K
 for Δa = 0 (37) 
Two different meshes were employed in the present study, comprising 10 and 43 slices 
of through-thickness elements, as shown in Figure 45.  In general, the results of the 
present study show that the K3D is approximately constant all through the thickness 
except at the free surface.  The ratio 
2D
3D
K
K
 is in good agreement with Eq. (37).  These 
results demonstrate that the current method can produce satisfactory estimation of K3D 
at the mid-thickness region, namely 
t
z
  |0.4|. 
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Figure 45.  FE analysis of straight crack front (fully elastic condition) shows the 
dimensionless stress intensity factor inferred from the stress method. 
 
The constant K3D indicates that the plane strain condition dominates the 
t
z
  
|0.4| range.  This is supported by the normalised plot of the triaxial stress constraint 
parameter Tz as shown in Figure 46.  It should be noted that all stress components were 
extracted along the path that was perpendicular to the crack front, in the coordinate 
system as defined in Figure 42a.  Figure 46 also shows that the results of the present 
study support the notion that the 
t
z
  |0.4| range is indeed under plane strain condition 
and are in good agreement with the result of Guo (1995). 
It is also important to note that at the free surface, the K3D should decrease to 
zero, but it has been recognised by Kwon and Sun (2000) and Ortiz et al. (2006) that 
this condition is very hard to achieve even using very fine meshes.  The sensitivity of 
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the K3D at the free surface to the mesh refinement is consistent with the results of this 
study, which show that the K3D at free surface is significantly reduced when the 
number of through thickness elements are increased from 10 to 43 slices. 
 
 
Figure 46.  FE analysis of straight crack front analysis shows the normalised out-of-
plane constraint for straight crack front at distance r  
50
t
 from the crack tip. 
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5.4.2.2. Curved crack front  
The K3D for three tearing shape factors as depicted in Figure 41 was estimated 
and compared to the results of Liu et al. (2005), who studied the K3D distribution of the 
curved crack front in 6 mm and 12 mm 7050-T7451 aluminium alloy coupons.  Figure 
47a shows that the result of the present study at 
t
a
 = 0.23 is in good agreement with 
that of Liu et al. (2005) at 
t
a
 = 0.24.  Figure 47b compares the K3D at 
t
a
 = 0.32 and 
t
a
 = 0.64 from the present study and at 
t
a
 = 0.44 from Liu et al. (2005), which 
further verifies the current FE model.  It should be noted that the determination of K3D 
close to the free surface is not possible due to lack of mesh element.  Inspections of the 
computational results confirm the following observations:  
(a) The mid-thickness region has constant K3D values, which indicate that this region 
is under plane strain; 
(b) Increasing 
t
a
 will result in an increase of K3D near the specimen surface to 
exceed the K3D at mid-thickness.  This result supports the physical observation of 
fatigue crack growth, whereby faster fatigue crack growth occurs at the free 
surface after each stable tearing jump; and 
(c) Simplification of the stable tearing shape into a trapezoidal shape does not have a 
strong effect on the K3D distribution.  
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Figure 47.  FE analysis (fully elastic) of various curved crack fronts at stable tearing 
arrest.  Dimensionless through-thickness stress intensity factor of the present results 
and Liu et al. (2005) for, (a) 
t
a
 = 0.23 and 0.24; and (b) 
t
a
 = 0.32, 0.44 and 0.64.  
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Another important point to note is that the higher K3D near the specimen surface 
is accompanied by lower through-thickness constraint factor Tz.  The Tz value along 
the inclined segment of the crack front is shown in Figure 48.  The parameter s is 
measured along the crack front from the centre line and l is the crack front line length, 
as illustrated in Figure 16a.  It can be concluded that the Tz distribution for several 
curved-front profiles is quite similar to that for the straight front.  In the following, the 
focus will be on the K-values at the mid-thickness region, where the plane strain region 
prevails and the K is shown to have a constant value.  It should be noted that the value 
of Tz at the free surface is not included due to the problem associated with corner 
singularity (Zhao et al., 2007).  It should also be noted that the plot of normalised K + 
Tz for three crack front profiles shows that these values are constant along the central 
portion of the crack front and varied along the inclined crack front, as shown in Figure 
49.   
 
 
Figure 48.  Numerical results of fully elastic condition comparing the Tz of straight- 
and the curved-fronts.  
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Figure 49.  The plot of normalised K + Tz for three crack front profiles. 
   
5.4.3. Numerical solution   
The computed K-values or K3D at the mid-thickness (
t
z
 = 0) for each stable 
tearing arrest in Figure 41 were normalised by the K-values at initiation.  The K-values 
at initiation or K2D are determined by using Eq. (15).  The K2D and K3D basically 
represent the cracking conditions at the onset and arrest of stable tearing respectively.  
Figure 50 shows the plot of 
2D
3D
K
K
 against the tearing shape factor 
t
a
, at a 
t
b
 ratio of 
0.30.  The data points at each 
t
b
 ratio can be represented by linear relationship. 
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




 




t
a
aK
aaK

 2iD2
i3D
1
1
)(
)  (
 (38) 
where   is a function of 
t
b
 as depicted in Figure 50 and at 
t
b
 = 0.30,  = – 0.645.  Eq. 
(38) also incorporates the relationship proposed by Kwon and Sun (2000) for the 
2D
3D
K
K
 
ratio of a straight-front crack, as indicated in Eq. (37) and implies that the K3D 
decreases as the Δa increases, for a given load especially for 
t
b
 < 0.9.  It is 
hypothesised that this decrease leads to the tendency of the crack to arrest.  In contrast, 
the K3D increases as the Δa increases at 0.9 < b/t < 1.0, which indicates that the tearing 
is less stable and that unstable failure is imminent.  
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Figure 50.  Parametric solutions for model crack front:  (a) Relationship between the K 
at mid-thickness and stable tearing jump length Δa at various 
t
b
 ratios; and (b) 
relationship between  and the 
t
b
 ratio.  
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Combining Eqs. (38) with Eq. (32), the tearing arrest condition can be expressed 
as 
 ,
1
1
)( 2i2D
Ic





 



t
a
aK
K


 (39) 
Eq. (39) can be rearranged to yield the following explicit expression for the crack jump 
length Δa 










2
i2D
Ic
1
1
)(  aK
Kt
a  (40) 
where  = – 0.645, which provides a convenient closed-form solutions for the stable 
tearing crack jump length, for a given applied overload, where K2D(ai) is determined by 
substituting P of Eq. (15) by the applied overload. 
 
5.5. Comparison between model prediction and experimental data  
The solution in Eq. (40) has been used to estimate the stable tearing crack jump 
length Δa for various aluminium alloys of different thickness investigated in this study 
and the literature.  A total of 134 stable tears have been analysed, these having been 
produced under either CA or VA fatigue.  It should be noted that the thickness ranged 
between 2.76 mm to 25 mm, and most of the aluminium alloys are from the 7XXX 
series, in addition to two types of aluminium alloys from the 2XXX series.  The 
predicted Δa values are compared with the actual Δa in Figure 51.  The overall results 
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show that the FE solution produces good prediction of the stable tearing crack jump 
length in various aluminium alloys and thicknesses.  Table 14 shows the average 
relative errors for each material.  The positive and negative values indicate 
underestimation and overestimation, respectively.  The average relative errors suggest 
that the new model overestimates and underestimates Δa in seven classes (alloy, 
thickness, load condition) of materials.   
 
Table 14.  Average relative errors of the new stable tearing prediction model. 
Class of material (alloy, thickness, load condition) Average relative error 
2024, 10 mm, VA + 0.189 
2618, 10 mm, VA – 0.073 
7050, 3 mm, VA – 0.961 
7050, 6 mm, VA + 0.101 
7050, 12 mm, VA + 0.295 
7050, 12.5 mm, VA + 0.166 
7050, 25 mm, VA + 0.768 
7075, 5 mm, VA – 0.102 
7075, 6.35 mm, VA + 0.002 
7075, 6.5 mm, CA – 1.373 
7075, 6.5 mm, VA – 0.474 
7075, 12.7 mm, VA 0.142 
7178, 2.76 mm CA – 0.631 
7178, 4.5 mm CA – 0.537 
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The observed discrepancy between the measurements and model predictions may 
be due to the variation of the stable tearing shape, which is not always symmetrical 
about the mid-plane.  The tearing shape can cause error in determining the areal and 
width ratios, as suggested in Figure 52, which shows that the width ratios 
t
b
 of CA and 
VA tearing in the present study are slightly varied.  This is not surprising as it has been 
established in section 5.1.1 that the VA tearing in the early stage has relatively small 
Δa.  The small Δa, as shown by T1 in Figure 14b, can be associated with asymmetrical 
tearing arrest and also result in difficulties of measuring the tearing parameters.  This 
issue complicates the determination of the K at the initiation of stable tearing and 
hence affects the accuracy of the prediction.  Another issue related with asymmetrical 
tearing shape is illustrated in Figure 53.  For this particular tear, the width ratio 
t
b
, 
determined by the areal ratio in Eq. (22) is equivalent to 0.33.  However, macroscopic 
measurement suggests that the 
t
b
 can be as high as 0.43.   
Forsyth (1978) proposed that the crack length should be taken as the maximum 
crack length amax at the tip of the crack front usually at the mid-thickness region.  
However, for in-service predictability of stable tearing, it is recommended that the 
crack length should be measureable from the free surface, as is the case in this study.  
The asymmetrical tearing shape can also cause error in measuring ∆a, as also depicted 
in Figure 53.   
The new model suggests that the FE formulation provides predictions of 
satisfactory accuracy and hence can be used as an effective engineering tool in relating 
the crack jump length with the applied loads.  It should be noted that in this study, the 
crack growth at surface is assumed to not occur.  This assumption is correct for a small 
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overload, as discussed in section 5.1.2.  Numerical results shows that the variation of 
crack front geometries near the free surface has negligible effect on the plasticity-
induced crack closure (Alizadeh et al., 2007; Matos and Nowell, 2008), and hence it 
can be deduced that the plasticity effect by unfractured ligaments in stable tearing 
formation is not significant.  It should also be noted that the present application of 
XFEM does not enable crack branching.    
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Figure 51.  Comparison between the semi-analytical model prediction based on finite element method model (fully elastic condition) and 
actual measurement from present research and the literature.  The dashed lines indicate ± 0.001 m error. 
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Figure 52.  The plot of width ratio 
t
b
 
versus the stress intensity factor ratio.  
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Figure 53.  Error due to asymmetrical tearing shape on specimen VA11 (t = 6.5 mm).  
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Chapter 6. Empirical Analysis 
 
 
 
 
 
 
 
 
 
 
 
 
 
6.1. Extended Forsyth model 
6.2. Extended Schijve model 
6.3. Analysis of empirical failure criteria  
 
167 
 
This chapter presents the extended Forsyth and Schijve models, which use the 
idealised shape of tearing in the new model to provide alternative methods for 
predicting stable tearing jump length.  Each of these extended models is validated by 
using various empirical results from the literature, and shows fairly good agreement 
between the prediction and measured stable tearing crack jump length.  The advantages 
and disadvantages of each model are presented and discussed.  Due to the lack of a 
validated, unified fracture criterion, the numerical results of elastic-plastic conditions 
are used to investigate the use of continuum model for void nucleation.  
 
6.1. Extended Forsyth model  
An alternative predictive tool can be formulated by extending the Forsyth 
concept (Bowen and Forsyth, 1981) of stress intensity factor being proportional to 
crack front line length l, as stated in Eq. (7).  Basically, the K2D(ai + Δa) is the notional 
K based on the maximum crack length at stable tearing arrest.  According to the 
present stable tearing model presented in Figure 40a, the total length of the trapezoidal 
crack front can be written as 
  242)( i abtbaal   (41) 
Substituting Eq. (41) into Eq. (7) and combining with the fracture criterion given by 
Eq. (32) yields the following relationship,  
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  
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2Ic
i2D 4)( abtb
t
K
aaK  (42) 
The crack jump length Δa can be readily solved iteratively.  By setting 
t
b
 ≈ 0.30, the 
solution results of Eq. (42), with K2D being given by Eq. (15), are presented in Figure 
54.  
In the case of long cracks, i.e. Δa << ai, the above relationship can be simplified 
to give the following explicit expression, 
12
)(
2
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2 Ic
i2D
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K
aKt
a  (43) 
Eq. (43) provides another closed-form solution for the crack jump length.  The results 
are plotted in Figure 55, where the crack front width ratio 
t
b
 ≈ 0.30. 
The solutions in Eq. (42) and Eq. (43) have been used to estimate the stable 
tearing crack jump length Δa for various aluminium alloys of different thickness 
investigated in this study and the literature, by using the similar tearing data in section 
5.5.  The predicted Δa values are compared with the actual Δa in Figure 54 and Figure 
55.  The overall results show that the two methods produce satisfactory prediction of 
the stable tearing crack jump length in various aluminium alloys and thicknesses.  The 
prediction by the extended Forsyth model of Eq. (42) shows few overestimations (by 
iteration method), whilst the prediction underestimates when the K2D(ai + Δa) ≈ K2D(ai) 
assumption is used.  It should also be noted that the Eq. (42) cannot be used to predict 
the Δa in 25.0 mm because the applied K2D(ai) is marginally less than KIc.   
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Therefore, within the limitation of the proposed models, it can be concluded that 
both models give similar predictive performance and can be used as alternative 
approaches to Eq. (40) in providing estimation to Δa.  In section 5.1.3, it has been 
established that application of Forsyth model is often limited to the marginally small 
tear, whereby its 
l
a
 ratio at onset and arrest is almost equivalent.  Since the large VA 
tearing usually has relatively longer crack front length than at its onset, the accuracy of 
the Forsyth model is therefore reduced, as depicted in Figure 54 and Figure 55.   
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Figure 54.  Comparison between the extended Forsyth model prediction (by iteration method) and the actual measurement from present 
research and the literature.  The dashed lines indicate ± 0.001 m error. 
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Figure 55.  Comparison between the extended Forsyth model prediction (by assuming K2D(ai + Δa) ≈ K2D(ai)) and the actual measurement 
from present research and the literature.  The dashed lines indicate ± 0.001 m error. 
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6.2. Extended Schijve model 
It has been highlighted that the application of the Schijve model is complicated 
by the need to determine α, which is a function of the angle of the restraining ligament 
made to the specimen‟s side, and the adoption of this model as a prognostic tool 
necessitates a capability to estimate this angle.  According to the present stable tearing 
model presented in Figure 40a, for 
t
b
 = 0.30, the angle between the inclined crack 
front and the side of the specimen is given by 








a
t
2
7.0
arctan
.
 (44) 
 Substituting Eq. (44) into (10) gives 
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from which the new expression for Kl can be derived, as given in Eq. (45). 
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(46) 
Eq. (46) can be substituted to Eq. (8), which makes it possible to solve the relationship 
for Δa by regression analysis.  Vlasveld and Schijve (1979, 1980) proposed the K2D(ai) 
= KIc, and this is only applicable for the first onset of tearing.  In reality, multiple 
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stable tearing bands may ensue, and therefore it is more appropriate to generalise Eq. 
(8) into the following,  
li2Di2D )()( KaKaaK   (47) 
where )( i2D aK  = KIc for the first onset of tearing.  It should also be noted that the 
iteration method is complicated by the complexity of Eq. (46), and for simple 
validation purposes, Figure 56 shows the plot of the K2D(ai + Δa) against )( i2D aK  + 
Kl. 
Figure 56 shows that the extended Schijve method can produce satisfactory 
prediction of Δa.  The main limitation of this method is that the expression for Kl is 
complicated and careful analysis is required to arrive at the final estimation of Δa.  
However, it should be noted that the difficulty in determining the β parameter, as 
discussed in section 5.1.8, has been eliminated by adopting Eq. (44).  Eq. (44) further 
implies that α is not a constant for a specific thickness, but depends on the Δa.  
However, it should be noted that the effect of β and α to the accuracy of the prediction 
capability of Schijve formulation may not be very significant, as suggested in Figure 
57.  In Figure 57, the predicted β is calculated according to Eq. (43), while the 
measured β is determined from the macroscopic examination of tearing.  This result 
implies that there is notable discrepancy between the prediction and measured values 
of β, but this inconsistency has minimum effect on the accuracy of the extended 
Schijve model.  In fact, as noted by Vlasveld and Schijve (1979, 1980), Eq. (9) is very 
sensitive to Δa.  This implies that a relatively accurate measuring technique must be 
employed in order to achieve excellent prediction.   
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This analysis also shows that although the Schijve model was derived from the 
VA tearing, the new extended model can also be used for CA tearing.  It should be 
noted, however, that notable scatters can be observed in tearing data for 7178-T6, 
thickness t = 4.5 mm, which can be due to the fact that these tears are produced in a 
single specimen, while the Schijve formulation is developed based on a single tear in a 
specimen.  It has been emphasised in sections 5.5 that these discrepancies can be 
associated with excessive influence of excessive crack front curvature and plane stress 
conditions as fatigue crack grows.  The comparison between the Δa and plastic zone 
size in section 5.1.6 0has shown that this effect is more pronounced in large Δa.   
Another notable improvement of the new extended Schijve model is that its 
application is not limited to materials of intermediate thickness, but now can be used 
for either thin or thick material materials as well.  Vlasveld and Schijve (1980) 
suggested that tearing in a very thick specimen should have small ligaments because a 
large fraction of the crack front will be under plane strain, while in a very thin 
specimen, plane stress will be dominant.  The idealisation of the stable tearing shape 
into a trapezoidal shape however enable tears in a very thick or thin specimens to be 
predicted, and therefore further verified the usefulness of the new model proposed in 
section 5.2. 
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Figure 56.  Comparison between the model prediction and actual measurement from present research and the literature by using the extended 
Schijve model.  The dashed diagonal line represents a line of equal relationship. 
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Figure 57.  Comparison between the prediction and measured values of β for CA and 
VA tears produced in this study. 
 
6.3. Analysis of empirical failure criteria 
Due to the lack of a validated, unified fracture criterion, the numerical results of 
elastic-plastic conditions are used to investigate the use of continuum model for void 
nucleation.  The two semi-empirical relationships have been mentioned by Anderson 
(2005) and the results are shown in Figure 58.  This analysis suggests that there is no 
obvious empirical relationship.    
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Figure 58.  Numerical analysis based on the semi-empirical relationship for void 
nucleation.  Details of references can be sought from Anderson (2005).   
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Chapter 7. Conclusions and Recommendations 
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7.1. Conclusions 
Quantitative fractography of fatigue fracture surfaces is used extensively in 
aircraft accident investigation to correlate various progression markings, associated 
with the crack front position, with the load cycle history which was experienced by the 
failed component in service.  This analysis is vital to estimate the crack growth history 
in the critical component.  Matching the results of this analysis to the predicted fatigue 
crack growth, however, is often complicated by stable tearing crack growth.  Bands of 
stable tearing are often observed on fracture surfaces in a range of structural metals but 
their growth are not incorporated into fatigue predictive models.  Therefore, the 
presence of large stable tearing bands can greatly complicate the derivation of a crack 
growth history, especially in cases where the load history record is poor.  Therefore, 
the main challenge in fracture surface analysis is to relate the multiple tears, of 
different extents, to the loads present in the load history.  The main objective of this 
research was to develop improved analytical and prognostic models for predicting 
stable tearing jump length Δa in aluminium alloys.  This research involves a series of 
tests which produced stable tearing in 7075 aircraft aluminium alloy under constant 
amplitude (CA) and variable amplitude (VA) loading.     
Macroscopic and microscopic characteristics of CA and VA tearing were studied 
and the main conclusion relates to the notable differences between tearing under CA 
and VA loading.  The tearing after VA usually appears duller than the CA tearing, but 
both types of tearing have similar fracture mechanism and are also comparable to the 
face of the final unstable failure.  This study reveals that the stress intensity factor is 
one of the key controlling parameters in tearing onset and arrest.  The CA and VA 
tearing can be characterized by the first onset stress intensity factor K2D(ai) at which 
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these two tearing conditions occur.  The magnitude of K2D(ai) for VA tearing was 
found to be equivalent to the material‟s plane strain fracture toughness, KIc, but is 
slightly lower than the initiation K-value for CA tearing.  The loading conditions also 
have been observed to impose different effects on the size of tearing.  This study 
suggests that for similar K, the CA tearing at initiation has smaller tearing crack jump 
length Δa, than the VA tearing, but as the crack progresses, the size of Δa under VA 
conditions is markedly larger than that sustainable under CA conditions.  The CA 
condition seems to confer apparent resistance to tearing, which results in smaller 
tearing crack jumps, than in VA loading conditions.  This study also shows that stable 
tearing crack jump length Δa under CA and VA conditions can be associated with the 
plastic zone size, but their correlations with the plastic zone size are differed between 
the two loading conditions.  
The static tearing curve was developed based on the standard KR curve test 
method.  This study shows that the K-value at which static tearing commences is 
approximately equivalent to the first onset stress intensity factor for VA tearing.  This 
result supports the notion that the onset of stable tearing occurs at K-level of 
magnitude that is comparable with the static plane strain fracture toughness KIc.  The 
KR (K-value with plastic zone correction) is plotted against the effective crack length 
∆ae and the fatigue tearing data from these tests is found to agree very well with the 
static R-curve.  This result shows that the R-curve method can be used to estimate the 
∆a of both CA and VA tearing during fractographic analysis, but this technique 
requires the R-curve to be developed for particular configuration.   
The complex crack front curvatures observed at tearing arrest distort simple 
estimates of stress intensity factor and hence a three-dimensional (3D) finite element 
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(FE) analysis has been undertaken to estimate the through thickness stress intensity 
factor K3D variation.  Generally, the K-value at mid-thickness region reduces, while the 
K-values at the sides of the specimen increase as the crack-front becomes more curved.  
Based on the parametric finite element analysis of the stress-intensity factor K3D at the 
mid-thickness of three VA tearing, this study presents a new validated stable tearing 
model for predicting the crack jump length ∆a during stable tearing.  The main features 
of this new model are that the tongue-shaped of stable tearing is idealised as a 
trapezoidal shape and the average of areal ratio of tearing is approximately constant.  
Comparisons between the model predictions and experimental results indicate that this 
new model produces satisfactory prediction of stable tearing crack jump length ∆a in 
aluminium alloys of different cross-sectional thickness.   
The study provides advanced knowledge in predicting the stable tearing 
behaviour under fatigue conditions and improves the modelling capability for the 
phenomenon of stable tearing in aluminium alloys structural metals.  The results of this 
study help in establishing confident and accurate durability assessment of aircraft 
structure, notably in assisting quantitative fractography during accident investigation 
and assessing physical validation to the fatigue crack growth prediction model.  The 
usefulness of the knowledge can also be applied and extended to other engineering 
materials and structures. 
 
7.2. Recommendations 
This study uses the stress intensity factor K as the main controlling parameter, 
which has been shown to be valid since the occurrence of all stable tearing jumps are 
in compliance with the small-scale yielding conditions.  The Irwin‟s correction factor 
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has been used to account for the plasticity effect.  A more complex model such as the 
Dugdale model may be useful in improving the accuracy of the prediction results.  The 
new validated stable tearing model is proposed based on the assumption that no crack 
growth occurs at the free surface, which is valid for small K-values.  For high applied 
K, the crack branching occurs on the free surface, and the crack occurs on the slanted 
plane in the subsurface region.  The current XFEM application is only limited to crack 
growth modelling that occurs on the same plane and hence further study is 
recommended to study the effect of crack branching during stable tearing formation 
and the effect of corner singularity at the intersection between the crack front and the 
free surface.   
Future study should also investigate the effect of the sharp change in the crack 
front (corner) for the trapezoidal shape of the crack front and the capability of 
numerical modelling to predict the complete crack front shape of stable tearing under 
increasing load.   
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